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Abstract 
The application of solid adsorbents for gas separation in pre.combustion 
carbon capture from gasification processes has gained attention in recent 
times. This is due to the potential of the technology to reduce the overall 
energy penalty associated with the capture process. However, this requires 
the development of solid adsorbent materials with large selectivity, large 
adsorption capacity, fast adsorption kinetics for CO2 coupled with good 
mechanical strength and thermal stability.  In this work, results on CO2 
adsorption performance of three different types of adsorbents; a commercial 
activated carbon, phenolic resin activated carbons and zeolite templated 
carbons have been reported at atmospheric and high pressures conditions. 
The commercial activated carbon was obtained from Norit Carbons UK, the 
phenolic resin activated carbon was obtained from MAST Carbon Ltd., while 
the templated carbons were synthesized in the laboratory. A commercial 
activated carbon was used as bench mark for this study. Surface modification 
of these carbons was also undertaken and their CO2 uptake measurements at 
ambient and high pressure conditions were recorded. The commercial and 
templated carbons were modified by functionalising with amine group, while 
the phenolic resin carbon was modified by oxidation.  
The textural properties of the adsorbents was examined using the 
Micromeritics ASAP, while the CO2 adsorption capacities were conducted using 
the thermogravimetric analyser (TGA) and the High pressure volumetric 
analyser (HPVA).  
Textural properties of synthesized templated adsorbents were seen to depend 
on the textural characteristics of the parent material. The β.type zeolite 
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produced the carbons with the best textural property. Increase in activation 
temperature and addition of furfuryl alcohol (FA) enhanced the surface area of 
most of the templated carbons. The textural property of all the adsorbents 
under study was seen to differently affect the CO2 uptake capacity at 
atmospheric (0.1 MPa) and high pressure conditions (up to 4 MPa).  
Micropore volume and surface area of the commercial activated carbons, 
phenolic resin activated carbons, and the templated carbons greatly influenced 
the adsorption trends recorded at ambient conditions. Total pore volumes 
positively influenced adsorption trend for templated carbons, but not the 
phenolic resin activated carbons at ambient and high pressure. This also 
positively influenced the adsorption trend for the commercial activated 
carbons, but at ambient conditions only. The surface area and the micropore 
volume have no effect on the adsorption trends for the templated carbons and 
the commercial activated carbons at high pressure conditions. However, these 
played a positive role in the adsorption capacities of the phenolic resin 
activated carbons at the same experimental conditions.  
Micropore volume and surface area of adsorbents play a major role on the 
adsorption trends recorded for the modified adsorbents at ambient conditions 
only. No trend was recorded for adsorption capacities at high pressure 
conditions. Only the oxidized phenolic resin activated carbon showed a positive 
adsorption trend with respect to total pore volume at high pressure condition. 
The amine modified commercial activated carbon showed no positive 
adsorption trend with respect to the total pore volume at both ambient and 
high pressure conditions, while the amine modified templated carbon showed 
no adsorption trend with respect to the textural properties at ambient and 
high pressure conditions. 
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CO2 uptake measurements for the modified and unmodified templated carbon 
and phenolic resin carbon, were observed to be higher than those of the 
commercial activated carbon at ambient and high pressure conditions. 
Maximum CO2 uptake was recorded at 25 
oC. At ambient pressure, the 
phenolic resin carbon (MC11) showed the highest CO2 uptake of approximately 
3.3 mmol g.1, followed by the commercial activated carbon (2.4 mmol g.1), 
then, the templated carbon (2.4 mmol g.1). At high pressure, the templated 
carbons (β.AC7.2%) showed the highest CO2 uptake (21.3 mmol g
.1), followed 
by phenolic resin carbon (MC4 . 12.2 mmol g.1), and the commercial activated 
carbon (6.6 mmol g.1). When samples were modified, the amine modified 
templated carbon and oxidized phenolic resin carbon showed the highest CO2 
uptake of 2.9 mmol g.1 each at ambient pressure, followed by the commercial 
activated carbon (2.7 mmol g.1). At high pressure conditions, the oxidized 
phenolic resin carbon showed the highest (10.6 mmol g.1) uptake level, 
followed by the templated carbon (8.7 mmol g.1), and commercial activated 
carbon (6.5 mmol g.1). 
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CHAPTER ONE 
1. Introduction 
The level of CO2 in the atmosphere has risen by more than a third since the 
industrial revolution (Pachauri et al., 2007), and is currently increasing faster 
than ever before. CO2 constitutes about 380 parts per million (i.e. 0.038%) of 
the world’s atmosphere (Imtiaz.Ul.Islam et al., 2011). The concentration is 
rising by 2 to 3 parts per million every year (Goodall, 2007). An increase in 
global mean temperature of up to 5.8 °C could result if the current growth in 
demand for fossil fuels is not controlled (DTI, 2005). Though in the 
Copenhagen accord, there was a call to hold the global mean temperature 
below 2 oC. The emissions trajectory projection (Figure 1.1) has indicated a 
50.80% probability of exceeding the 2 oC target by 2100.  
For the United Kingdom (UK), this will mean a greater likelihood of heat 
waves, greater risk of flooding and more water stress in the southern and 
eastern parts. While in developing countries, particularly the poorest ones, this 
would worsen food security, water availability and health, as well as accelerate 
biodiversity losses (UNFCCC 2009).  
Greenhouse gases; CO2 NOx, SOx, Freon, ozone, methane and nitrous oxide 
are mainly responsible for global warming. CO2 contributes approximately 
60% to the overall climate change (Goodall, 2007).  
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Figure 1.1. Probability of exceeding a given global mean temperature increase 
by 2100 for emission trajectories peaking in 2016 (UNFCCC 2009). 
The Kyoto Protocol (Caplan, 2001; Kojima, 1994), Copenhagen Climate 
Summit (UNFCCC, 2009), and Carbon Capture and Storage (CCS) legal 
regulatory workshop held in South Africa (IEA, 2011), all called for 
international concerted efforts to reduce the amount of CO2 emitted during 
domestic, and mostly, commercial and industrial processes. The European 
Commission in 2008 set new CO2 emission targets for Britain and other EU 
member states for an 80% cut by 2050 compared to 2020 levels (OPSI, 2008; 
DECC, 2012c). Despite all these, global emissions of anthropogenic carbon 
dioxide hit their highest level in 2010, with the growth driven mainly by 
booming coal.reliant emerging economies. CO2 emissions rose by 5.9 percent 
to 30.6 billion tonnes in 2010 alone (Mohammad et al., 2011). Although, large 
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gains in energy efficiency are undoubtedly possible and more renewable 
generation capacity will certainly be deployed, the trend of continued use and 
dependence on fossil fuels for power generation is very unlikely to reverse in 
the period to 2050. This implies that the large reductions in CO2 emissions 
needed by 2050 will require a major deployment of Carbon Abatement 
Technologies (CATs) on a world scale (DECC, 2012c).  
 
CATs are a group of innovative technologies that enable large power plants to 
operate with substantially reduced CO2 emissions. This means they can be 
part of the solution to climate change, whilst still making a major contribution 
to the security of electricity supply. CATs have the potential to reduce carbon 
emissions from fossil.fuel power stations by up to 90% (TSB, 2009). The 
application of CATs significantly improves the efficiency of conversion 
processes in power plants and reduces the amount of fuel consumed during 
power generation. It also offers technologies that enable fuel switching to 
lower carbon alternatives such as co.firing with biomass or waste, and finally 
CCS technologies.  
On the international front, the International Energy Agency (IEA) identified 
three key actions for CCS regulatory development to support CCS. These are; 
mandate for Organisation for Economic Co.operation and Development 
(OECD) countries to establish frameworks for CCS demonstration by 2011, 
while non.OECD countries with CCS potential are given up to 2015; mandate 
for large scale deployment by 2020; and framework for countries to address 
international legal issues associated with CCS by 2012 (DoE, 2011). Although 
significant progress has been made to date towards these goals, there is the 
urgent need to intensify efforts to meet the greenhouse gas (GHG) reduction 
targets to avoid damaging the climate. CCS has been identified as one of the 
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key technologies for application if fossil fuel is to be used for power 
generation. 
CCS is a mitigation technology essential in tackling global climate change, and 
ensuring a secure energy supply. CCS technology captures carbon dioxide 
from fossil fuel power stations. The CO₂ captured is then transported via 
pipelines and stored safely offshore in deep underground structures such as 
depleted oil and gas reservoirs, and deep saline aquifers. Currently, two 
hundred and thirty four CCS laboratory and demonstration projects are on.
going around the world (APGTF, 2011).  
The cost of CCS technology depends on factors such as fuel prices, capital cost 
of plant, and cost to meet potential regulatory requirements like monitoring 
etc. However, the cost of employing a full CCS system for electricity 
generation from a fossil.fired power plant is dominated by the cost of capture.  
Most energy and economic modelling reported to date suggests that the 
deployment of CCS systems starts to be significant when carbon prices begin 
to reach approximately £25.30 per tonne of CO2 (IPCC, 2005). Studies have 
also suggested the potential of CCS to address up to 38 Mt of CO2 emissions 
per annum in 2030 (decreasing to 37 Mt by 2050), at the costs of between 
£30 and £150 per tonne of CO2 abated (DECC, 2012a). The application of 
capture will add about 5 to 30% parasitic energy losses, 35 to 110 % increase 
in capital cost, and 30 to 80% increases in electricity cost (Miller, 2011). In 
effect, it will add about 1.8 to 3.4 US£ct kWh.1 to the cost of electricity from a 
pulverised coal power plant, 0.9 to 2.2 US£ct kWh.1 to the cost for electricity 
from an integrated gasification combined cycle coal power plant, and 1.2 to 
2.4 US£ct kWh.1 from a natural gas combined cycle power plant (IPCC, 2005) .  
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The size of the future market for CCS depends mostly on the degree of CO2 
removal and the stringency of the assumed climate stabilization target. The 
higher the CO2 emission in the baseline, the more emissions reductions are 
required to achieve a given level of allowable emissions, and the larger the 
market for CCS. The present state of short and long term cost implication of 
CCS has been undertaken. Özge and Reichelstein (2011) have estimated an 
upper limit for investment in CCS technology for OECD countries to be from 
£350 to 440 billion over the next 30 years. This estimate was made with the 
assumption that all new power plant installations will be equipped with CCS. 
An overall loss of 30% efficiency has been estimated for CCS (HCSTC, 2006). 
Also, new technological developments and benefits derived from increasing 
experience and economies of scale could collectively reduce the costs of CCS.  
If the UK is to remain amongst the leading nations in CCS technology now and 
in the future, there is need for widespread deployment of all key CCS 
technologies. Pre.combustion carbon capture is one major 
processes/technologies option available. It has the potential for increased 
power efficiency and reduced cost/energy penalty associated with power 
generation, and invariably lead to costs reduction in CCS (DECC, 2012c). 
Whilst solvent based technologies (pre and post carbon capture) and cryogenic 
separation (oxyfuel) are the most developed for CCS application and the 
closest to market and deployment.  The energy penalties associated with 
these technologies has led to research and development of a range of 
alternative, or second and third generation CO2 capture technologies (Figueroa 
et al., 2008). Examples of which include, advanced solvents, solid adsorbents, 
membranes, ionic liquids, SEWGS (Sorption.Enhanced Water.Gas Shift) as 
well as novel combustion technologies such as chemical looping, Oxygen 
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Transport Membranes (OTM) cycles. In this research work, efforts have been 
focused on the development of novel adsorbents that could lead to effective 
cost reduction in power generation using pre.combustion carbon capture as 
the lead process/technology.  
This work is aimed at producing activated carbons, and screening them for 
application on pre.combustion carbon capture.  Three different carbons will be 
screened and their physical properties be related to their CO2 uptake capacity. 
This research has the potential to produce solid materials with ability to reduce 
cost associated with power generation.   
1.1 Aims and objectives 
Aims 
The aim of this research work is to develop solid adsorbents that will reduce 
the cost associated with carbon capture and storage in fossil fuel power plants.  
Objectives 
The objectives of this work are to: 
• Synthesize templated carbons using zeolite as templates.  
• Modify synthesized templated carbons with amine based solution and 
investigate the effect of surface chemistry on adsorption capacity.  
• Design and fabricate a chemical vapour deposition rig for use in carbon 
synthesis.  
• Ascertain the CO2 uptake capacity of oxygen modified activated carbon. 
• Ascertain the CO2 uptake capacity of a commercial activated carbon.  
• To characterise the chemical properties and pore structure of the 
carbons and relate these properties to their CO2 uptake capacity. 
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• To determine the CO2 uptake capabilities of the carbons at low and 
higher pressures, and identify their trend with surface area, micropore 
volume, and total pore volume 
1.2 Thesis structure 
This thesis is divided into seven chapters. Chapter One introduces and 
discusses the need to mitigate CO2 and the government’s effort towards this. 
It also presents the aims and objectives of this work. Chapter Two covers the 
literature review. In this chapter, a detailed literature on systems for CO2 
capture from fossil fuels is discussed, paying more attention to the current 
state of CCS. Chapter Three covers the fundamental techniques used in 
obtaining results presented in this thesis. It also presents the working 
principles of the analytical equipment used, and description of chemical vapour 
deposition apparatus built during the course of this work.  
Chapter Four presents the results obtained by analysing phenolic resin 
activated carbons. In this chapter, the chemical and textural properties, and 
the CO2 uptake capacity of the adsorbents were discussed. Chapter Five 
presents results obtained by analysing zeolite templated carbons.  Also, the 
chemical and textural properties were discussed and related to the CO2 uptake 
of the materials. Chapter Six presents the result obtained from surface 
modification of selected carbons. In this chapter, the influences of the acidic 
and basic surface functional groups on the materials CO2 uptake levels were 
discussed. Finally, the conclusions and further work is presented in Chapter 
Seven. 
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CHAPTER TWO 
2Literature review 
2.1 Introduction 
Carbon capture and storage (CCS) is a broad term that encompasses a 
number of technologies that can be used to capture carbon dioxide from point 
sources, such as power plants, compress it, and transport it mainly by pipeline 
to suitable storage locations. Captured carbon dioxide may be stored in deep 
subsurface geological formations, in oceans, terrestrial ecosystems, and 
through mineral carbonation (WRI, 2012). This technology is a critical option 
in the portfolio of solutions available to combat climate change. It allows for 
significant reductions in CO2 emissions from fossil.based systems, enabling a 
bridge to a sustainable energy future (Rackley, 2010; Sioshansi, 2010).  
Figure 2.1 presents a summary of CCS. 
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Figure 2.1. Typical CCS flowchart (IPCC, 2005). 
There are currently three main approaches to capturing CO2; post.combustion, 
pre.combustion, and oxy.fuel combustion. In post.combustion, the CO2 is 
removed after direct combustion of the fossil fuel in air. This approach is 
usually applied to conventional power stations. The carbon dioxide is captured 
from exhaust gases. The idea of pre.combustion plant involves oxidizing the 
fuel in a gasifier before combustion. This process produces “syngas” which is 
made of carbon oxides and hydrogen. The resulting carbon emissions can be 
removed from the stream, while the hydrogen is burned as fuel to generate 
electricity. In Oxy.fuel combustion, the fuel is burned in pure oxygen instead 
of air. The flue gas is mostly CO2 and water vapour. While the CO2 is captured 
for storage, the water vapour is condensed through cooling (Gerard and 
Wilson, 2007). This chapter concentrates on technologies and systems for CO2 
capture, with emphasis on 2nd generation and novel 3rd generation 
technologies.  
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2.2 Systems for CO2 capture from fossil 
fuels 
Systems for CO2 capture from fossil fuel combustion may be categorised into 
four distinct technologies; pre.combustion, post.combustion, oxyfuel 
combustion, and industrial process capture systems.  The capture component 
of these systems uses either one or a combination of the following physical 
and chemical separation processes; absorption, adsorption, cryogenics and 
membranes. The choice of a suitable CO2 capture technology depends on the 
characteristics (temperature, total pressure and partial pressure) of the gas 
stream from which CO2 is to be separated (Table 2.1). This mainly depends on 
the power plant technology.  The CO2 content ranges from 3% to 15%, the 
lower end of this range (3.5%) is typical for gas.fired plants while the upper 
end (12.15%) for coal.fired plants (Rackley, 2010). A range of technologies 
are currently in place for the separation and capture of CO2 from gas streams. 
Figure 2.2 shows the technology options for CO2 capture.  
 
 
 
 
 
 
 
11 
 
 
Figure 2.2. Technology options for CO2 capture (Adapted from IPCC 2005). 
The pre.combustion system combines the latest coal gasification technology 
with the highly efficient combined cycle power generation technology, that has 
been developed for natural gas combustion. The Integrated Gasification 
Combined Cycle (IGCC) is an example of system that uses this process. The 
syngas generated in the gasifier of IGCC is a gaseous mixture of CO and H2 at 
high pressure (Rackley, 2010). Depending on the type of gasifier design, the 
temperature and pressure conditions vary from 800.1400 oC and 20.3400 kPa 
respectively (Gerard and Wilson, 2007). Typical commercial gasification 
process today operates in the range of 2500.8000 kPa depending on 
application (Higman, 2010). The syngas is passed through water.gas shift 
reaction (Equations 2.1 and 2.2). This reaction converts the CO into CO2 which 
will be ready for capture. 
		
			 →  +	………… . (2.1) 
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 + () 	→ 	 +	…………………2.2) 
It is easier to capture and separate CO2 from the syngas because of the high 
concentration of CO2 and the high pressure (approximately 7.3 kPa) of the 
syngas (Gerard and Wilson, 2007). This also makes it possible to use less 
energy to compress the CO2 to desired pressure level for pipeline 
transportation. Table 2.1 shows the typical gas conditions for the pre., and 
post., and oxy fuel combustion carbon capture.
Table 2.1. Typical gas conditions. 
a (Rectisol, 2006): b (Granite and Pennline, 2012); c (Lui et al., 2012)    
The pre.combustion capture system has a lower energy penalty compared to 
the other technology options (DECC, 2012b), hence, its applicability to my 
research work. It also has multi.product flexibility since the H2 produced after 
CO2 capture can be used in the gas turbine to generate power or other 
valuable uses. 
 
 
 
Pre.combustion capture 
(before water gas shift)a 
Post 
combustion 
captureb 
 Oxy.fuel 
combustion 
capturec 
Gas composition     
CO2 35.5 % 15.16 %  87.95 mol% 
H2O 0.2 % 5.7 %  3.51 mol% 
H2 61.5 % .  . 
O2 . 3.4 %  8.54 mol% 
CO 1.1 % 20 ppm  . 
N2 0.25 % 70.75 %  . 
SOx . 800 ppm  . 
NOx . 500 ppm  . 
H2S 1.1 % .  . 
Conditions     
Temperature 40 oC 50.75 oC  247 oC 
Pressure 50.60 bar 1 bar  17 bar 
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Pre.combustion carbon capture technologies are extremely efficient compared 
to post.combustion flue gas capture due to increased concentration of CO2. 
CO2 emissions may be reduced by 90 to 95 percent in a pre.combustion 
system (MNA, 2012). The world’s first pre.combustion CCS pilot plant (14 
MWth) has been in operation since 2010 at ELGOGAS IGCC (335), in Spain 
(Haszeldine, 2009). An example of technology with pre.combustion carbon 
capture is the integrated gasification combined cycle (IGCC).  IGCC technology 
has three basic components. In the gasification phase, heat, pressure, pure 
oxygen and water are used to break coal down into its component parts and 
convert it into a clean synthetic gas (syngas). The syngas is cleaned before it 
can be converted by methanation into substitute natural gas (SNG) which 
eventually fuels the power turbines. Remaining particulates are removed from 
the syngas in the particulate scrubber. Carbon monoxide is converted by the 
shift reaction into carbon dioxide (CO2). The gasification process makes it 
possible to capture most of the mercury, sulphur and carbon dioxide (CO2) in 
the syngas. The captured CO2 will be transported via pipeline for use in 
enhanced oil recovery or storage in a saline geologic reservoir. The SNG, 
which is relatively high in energy content, powers a gas turbine and waste 
exhaust gas heat then powers  a steam turbine. The higher energy content of 
the SNG (as compared with syngas) improves the efficiency of the power 
production. Because the SNG is a clean fuel, nitrogen oxide (NOx) also can be 
reduced considerably during and after combustion. The results are 
substantially lower emissions compared to conventional pulverized coal plants. 
Oxy.fuel combustion involves the use of pure oxygen instead of air for the 
combustion process. It is easier to capture almost all the CO2 using this 
method because only CO2, water and traces of other compounds are formed as 
14 
 
flue gases. The principal attraction of oxy.combustion is that it avoids the 
need for a costly post.combustion CO2 capture system. Instead, however, it 
requires an air separation unit (ASU) to generate the relatively pure (95.99 
percent) oxygen needed for combustion. Roughly three times more oxygen is 
needed for oxy.fuel systems than for an IGCC plant of comparable size, so the 
ASU adds significantly to the cost. Oxy.fuel combustion system has higher 
boiler efficiency and a much lower NOx formation level (Gerard and Wilson, 
2007). It has been reported by Figueroa et al., (2008) that this technology 
gives a nitrogen.free combustion which leads to reduction in equipment size, 
heat losses, and savings in the cost of flue gas treatment. This also opens the 
possibility for a zero.emission technology in coal power plants, since almost all 
the CO2 from the plant can be captured. However, lack of fundamental 
knowledge for boiler design for pure oxygen combustion limits the application 
of this technology (Edward et al., 2007; Maroto.Valer, 2010). Also, large 
quantity of oxygen is required for a typical power plant, and as temperature 
may go out of control during combustion, large quantity of CO2 is required for 
cooling. There are also concerns that oxy.fuel combustion systems may have 
higher CO emissions which may pose environmental problems (Edward et al., 
2007). The oxy.fuel combustion system might be more expensive due to the 
cost involved in producing pure oxygen. Oxy.fuel combustion has been studied 
in laboratory and pilot plant facilities at scales of 30 MWt (Edward et al, 2012). 
By 2020, the UK plans to demonstrate the first oxyfuel plant with a capacity of 
100.500MWe (Cameron et al., 2011). 
Post.combustion capture technologies capture CO2 after normal fuel 
combustion in air. This system leads to a flue gas with diluted stream of CO2 
mixed with a large amount of N2 and small proportions of H2O, O2, and CO. 
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One of the most commonly used processes for flue gas removal is flue gas 
scrubbing using amine solvents (Maceiras et al., 2008).  
In a modern coal.fired power plant, pulverized coal (PC) is mixed with air and 
burned in a furnace or boiler. The heat released by combustion generates 
steam, which drives a turbine.generator. The hot combustion gases exiting the 
boiler consist mainly of nitrogen (from air) plus smaller concentrations of 
water vapour and CO2 formed from the hydrogen and carbon in the fuel. 
Additional products formed during combustion from impurities in coal include 
sulphur dioxide, nitrogen oxides and particulate matter (fly ash). These 
regulated air pollutants, as well as other trace species such as mercury, must 
be removed to meet applicable emission standards. In some cases, additional 
removal of pollutants (especially SO2) is required to provide a sufficiently clean 
gas stream for subsequent CO2 capture. With current technology, the most 
effective method of CO2 capture from the flue gas of a PC plant is by chemical 
reaction with an organic solvent such as monoethanolamine (MEA), one of a 
family of amine compounds. In an absorber, the flue gas is “scrubbed” with an 
amine solution, typically capturing 85 to 90 percent of the CO2. The CO2.laden 
solvent is then pumped to a second vessel (regenerator or stripper), where 
heat is applied in the form of steam to release the CO2. The resulting stream 
of concentrated CO2 is then compressed and piped to a storage site, while the 
depleted solvent is recycled back to the absorber. There is still on.going 
research and development in this area. Some of the solvents required for its 
functionality are lost through physical losses, entrainment, vapourization, and 
chemical degradation during operation (Yokoyama, 2004; Yagi et al., 1992; 
Mandal et al., 2001). To date, post.combustion capt
16 
 
rigs at up to ~60 MW. The Ferrybridge pilot plant is an example of a project 
which captures 100 tonnes of CO2 per day (DECC, 2012b).  
 
Other industrial process streams exist which are sources of CO2 emissions but 
which are not captured including cement and steel production, and processing 
of food and drinks during fermentation (Rackley, 2010; IPCC, 2005b). CO2 can 
be captured from these streams by using the post.combustion, oxy.fuel 
combustion and/or pre.combustion techniques.  
2.3 Cost reduction and alternative capture 
technologies 
2.3.1Cost reduction 
All main capture technologies have four common components. development 
and capture costs, compression, balance.of.plant, and host plant 
compensation (IEA, 2006). Note that balance of plant refers to the remaining 
items not covered by other categories, and typically would include supporting 
facilities and peripherals such as water treatment, fuel handling, storage and 
treatment, controls and instrumentation, transformers, switchgear and 
electrical connections. 
Compression cost is highest for post combustion, especially for gas, slightly 
less for oxy combustion and much lower for pre combustion. Pre combustion’s 
lower requirement reflects the fact that gasification processes work at elevated 
pressures (DECC, 2010; ZEP, 2011). Host plant compensation is a product of 
the energy penalty (in percentage terms) and the specific capital expenditure 
(capex) of the host plant. Therefore, the host plant compensation is much less 
for gas post combustion, since the efficiency penalty and the capex costs are 
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low. The host compensation for post combustion coal is much higher, with pre 
combustion having a greater penalty given the initial high costs of host plant 
(despite a lower energy penalty) (DECC, 2012b). The key components for 
each capture option are presented in Table 2.2. 
Table 2.2. Key components for each catpure option. 
 Post 
combustion 
Oxy 
combustion 
Pre 
combustion 
Pre.development costs * * * 
Absorber *   
Stripper/regenerator *   
Air separation  *  
Gas conditioning  *  
Water shift   * 
Acid gas treatment   * 
CO2 compression * *  
Balance of plant * * * 
Host plant compensation * * * 
Source: Mott McDonald estimates 
Given the early stage of CCS development, there are no commercial scale full 
chain projects operating. Therefore, there is great uncertainty in making cost 
projections. However, there is certainty regarding the host plant costs (for 
super critical coal and combine cycle gas turbine (CCGT), at least). Although, 
there are uncertainties about future capital costs as engineering, procurement 
and construction (EPC) markets have become commoditised (and subject to 
demand and supply pressures), and fuel prices are even more uncertain. 
Analysis by DECC, (2012c) suggests that post. and oxy. combustion coal are 
seen as the most expensive options with capture levelised costs of £41.62 
MWh.1 in 2013 (Table 2.3), but technologies (especially oxy combustion) are 
projected to see deep reductions in absolute and relative terms. Post 
combustion gas, starting from a lower level (£29.42 MWh.1) shows a less 
dramatic reduction, but still remains the lowest cost capture option. Pre.
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combustion, which is expected to have a lower incremental cost in the near 
term than the other coal options (at £33.52 MWh.1), is projected to see a 
more modest decline than the other options, albeit some improvement on its 
trend over the last two decades. Levelised cost of electricity from both coal 
and gas plant with CCS is projected to fall to £100 MWh.1 in the 2020s. The 
post. and oxy. combustion coal options are projected to see a £16.19 MWh.1 
(30.48%) reduction in levelised costs between 2013 and 2040, versus £10.12 
MWh.1 (27.43%) for gas and £4.9 MWh.1 (8.29%) for pre.combustion (DECC, 
2012c) .  
Table 2.3. Projected levelised generation costs of the carbon capture 
components in £/MWh (Edward et al., 2007). 
 Levelised cost (£/MWh) 
 
 
Period.on.period  
reduction (£/MWh) 
   
Low cost path: 2013 2020 2028  2040 2020 
8.8 
2028 2040 
Post combustion coal 42.3 33.5 28.3  23.7 5.2 4.6 
Post combustion gas 29.3 23.8 20.2 16.5    5.5 3.5 3.7 
Oxy combustion coal 41.4 32.0 26.0 21.3    9.4 6.0 4.6 
Pre combustion 32.9 28.3 25.2 23.6    4.6 3.2 1.6 
High cost path:        
Post combustion coal 61.3 53.8 48.6 43.0    7.5 5.2 5.6 
Post combustion gas 42.3 38.4 34.4 30.6    3.9 4.0 3.8 
Oxy combustion coal 61.9 53.9 47.4 41.8    8.0 6.6 5.6 
Pre combustion 51.7 49.6 48.2 47.9    2.1 1.4 0.4 
*Levelised costs are for capture only including host plant compensation (i.e. 
incremental costs of capture on generation. Values were calculated using fixed 
fuel price 
 
2.3.2Alternative capture technologies 
The selection of capture technology depends on the physical state, pressure, 
CO2 partial pressure, and volume of gas to be separated (Thomas and Benson, 
2005). At present, the most mature technologies to be used in CCS 
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demonstration plant are solvent based. Physical and chemical based solvents 
are currently the preferred technology for pre and post.combustion capture 
respectively. Solvent based technologies (pre and post.carbon combustion) 
and cryogenic separation (oxyfuel) are the most developed for CCS application 
and the closest to market and deployment. The energy penalties associated 
with these technologies has led to research and development of a range of 
alternative, or second and third generation CO2 capture technologies (Figueroa 
et al., 2008). This drive for alternative technologies also stems from the need 
to reduce the costs associated with CCS as previously indicated in Section 
2.3.1. Many of these technologies are currently at the laboratory/fundamental 
level of research in terms of materials and process development for CCS. 
Some of the alternative technologies are briefly discussed below. 
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Membranes are thin semipermeable barriers that selectively separate some 
compounds from others. This definition is necessarily broad because of the 
large variety of membrane materials separating an equally vast number of 
compounds in all phases. Applications include: 
• Ceramic membranes for gas purification in the semiconductor industry 
• Palladium.based metallic membranes for hydrogen extraction 
• Silicon rubber membranes for organic vapour recovery from air 
• Polyvinyl alcohol.based membranes for ethanol dehydration 
Membrane gas separation shows different advantages over conventional 
processes and has been well described in Stern, (2002); Maier, (1998); and 
Koros, (2002). Although, membrane technology is widely used for gas 
separation, it is not yet applied on the scale of power plants (Basile and 
Julianelli, 2010). The only commercially viable membranes used for CO2 
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removal are polymer based, for example, cellulose acetate, polyimides, 
polyamides, polysulfone, polycarbonates, and polyetherimide (Powell and 
Qiao, 2006). The most widely used and tested material is cellulose acetate, as 
used in UOP’s membrane systems.  Polyimide has some potential in certain 
CO2 removal applications, but it has not received sufficient testing to be used 
in large applications. Cellulose acetate membranes were initially developed for 
reverse osmosis but are now the most rugged CO2 removal membrane 
available (Dortmundt, and Doshi, 1999). More information on membrane and 
gas separation can be found in review papers; Noble and Stern, (1995) and 
Tabe.Mohammadi, (1999). 
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Ionic liquids are broad category of salts, typically containing an organic cation 
and either an inorganic or organic anion. Ionic liquids are physical sorbents 
and little heat is required for regeneration (Miller, 2011). They can dissolve 
gaseous CO2 and are stable at temperatures up to several hundred degrees 
centigrade (Plasynski, 2009). The stability offers the possibility of recovering 
CO2 from flue gas without having to cool it first, resulting in substantially low 
regeneration energy (Rackley, 2010).   
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Sorption.Enhanced Water Gas Shift (SEWGS) is a pre.combustion CO2 capture 
process that removes both the CO2 and CO which is from a syngas or coal 
derived gas at elevated pressure and temperatures of about 400 °C (Cobden 
et al., 2007) (Figure 2.3). It produces a hot stream of hydrogen and steam, 
which can be directly fed to a gas turbine, and a cooled stream of relatively 
pure CO2, which can be compressed and transported to a subsurface injection 
location. The SEWGS process consumes steam, cooling water and electricity, 
but at a smaller amount than for conventional pre.combustion technologies. 
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As illustrated in Figure 2.3, at the adsorption stage, the CO2 is adsorbed by 
the sorbent at high pressure. At the desorption stage, the system pressure is 
reduced as hot steam is passed through. This process removes the adsorbed 
CO2 from the sorbent, leaving the sorbent ready for another adsorption 
process. 
 
Figure 2.3. The SEWGS principle; reaction and adsorption at high pressure 
(upper) and desorption at low pressure (lower) (ERC, 2010). 
SEWGS neither requires cooling of the syngas nor reheating of the hydrogen 
produced. It can replace the conventional CO2 removal by low temperature 
water gas shift, cooling, condensing, washing, and reheating. Furthermore, 
the solid sorbent has important economic, safety and environmental 
advantages over liquid solvents or sorbents, as it is inexpensive, does not 
need to be replenished, can be used for extended periods, is non.hazardous 
and is not emitted directly or indirectly to the atmosphere (Van Selow et al., 
1984). 
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Chemical.looping combustion (CLC) is a combustion technology with inherent 
separation of the greenhouse gases including CO2.  The technique involves the 
use of a metal oxide as an oxygen carrier which transfers oxygen from the 
combustng air to the fuel.  Hence, the direct contact between fuel and 
combusting air is avoided (Mattison et al., 2004; Mattison et al., 2006).  
Subsequently, the products from combustion, e.g. carbon dioxide and water, 
will be kept separate from the rest of the flue gases, e.g. nitrogen and any 
remaining oxygen.  Two reactors in the form of interconnected fluidized beds 
are used in the process:  
i) A fuel reactor where the metal oxide is reduced by reaction with the fuel, 
:			(2n + m) + 	Cnm →	(2n + m)MyOx − 1	 + 	mO + 	nCO……… (2. 1) 
and 
ii) An air reactor where the reduced metal oxide from the fuel reactor is 
oxidized with air 
M − 1	 +	12 	→ 	M……… (2. 2) 
The outlet gas from the fuel reactor consists of CO2 and H2O, while the outlet 
gas stream from the air reactor contains only N2 and some unused O2.  The 
net chemical reaction over the two reactors is the same as for normal 
combustion with the same amount of heat released, but with the important 
difference that CO2 is inherently separated from nitrogen, and no extra energy 
is needed for this separation (Mohammad and Hugo, 2008).  This is in contrast 
to known techniques for separating carbon dioxide from flue gas, where large 
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amounts of energy and expensive equipment are necessary (Mattisson and 
Lyngfelt, 2006). 
2.4 CO2 capture sorbent 
A sorbent is a solid substance that adsorbs or absorbs another type of 
substance. The use of solid sorbents to capture CO2 from flue gases has 
attracted significant attention in recent years (Liang, 2003; Wang et al., 2012; 
Choi et al., 2009). With rapid development in novel sorbent materials and 
innovative cyclic adsorption processes, sorption has become a key separation 
process in many process industry including chemical, petrochemical, 
environmental, pharmaceutical, and electronic (Deng, 2006; Yang et al., 
2008). Commercial sorbents include: activated carbon, metal organic 
framework, zeolites, activated alumina, silica gels, and polymeric adsorbents. 
A range of CCS technologies which use this sorbents have been developed and 
improvements on existing technologies are currently in progress. However, 
CO2 capture technologies need to operate with a minimum energy penalty on 
the host power plant, at reasonable capital and operating expenditure, have 
an acceptable plant footprint, and perform to achieve capture targets and 
produce CO2 of high enough purity to meet the requirements and legislation 
for subsequent transport and storage (Oosterkamp and Ramsen, 2008). A 
range of sorbents have been developed that meet these specifications (Choi et 
al., 2009; Davidson, 2009). The use of solid adsorbents avoids the 
regeneration and handling of large volumes of liquids associated with 
absorption processes. Also, compared to aqueous amines, degradation in solid 
adsorbents is limited since mobility in solid systems is restricted.  
Despite the reduced capital cost and power requirement for solid sorbents 
when compared to conventional monoethanolamine (MEA), there is the 
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problem of pressure drop and heat transfer (Yang et al., 2008; Olivares.Martín 
and Maroto.valer, 2012). Although commercial sorbents have been briefly 
discussed below, a review by Lui et al., (2012) and Samanta et al., (2012) 
provides further information on CO2 capture sorbents. This review will focus 
more on the carbon based adsorbents as this is the main focus of this thesis.  
The development of adsorbent with large selectivity, large adsorption capacity, 
fast adsorption kinetics, good mechanical strength and thermal stability, low 
cost and easily regenerable are key to desirable adsorbents for application in 
pre.combustion carbon capture (Wang et al., 2012b; Sayari et al., 2011, Choi 
et al.,. 2009). The synthesis process in this work has been designed in such a 
way as to facilitate the production of large internal pore volume and internal 
surface area, a controlled pore size distribution in the micropore range, and 
the use of low.cost materials. Also, controlled surface properties were 
achieved by adding selected functional group (amine and oxygen). Since 
physisorption is the mechanism of adsorption in pre.combustion carbon 
capture, weak interactions between adsorbate and adsorbent were desired. It 
is the aim of this research to synthesize adsorbents with up to 3 mmol g.1 
adsorption capacity, as it has been stated by Gray et al., (2008) that 
adsorbents become competitive when they have uptake capacity greater than 
3 mmol g.1. This, according to Wang et al., (2012) will reduce the energy to 
30 to 50% compared to MEA based process.  
2.4.1Metal Organic Frameworks (MOFs) 
MOFs are new class of hybrid material built from metal ions with well.defined 
coordination geometry and organic bridging ligands. They are extended 
structures with carefully sized cavities that can adsorb CO2. MOFs require low 
heat to recover adsorbed CO2 and they have a high storage capability (Milward 
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and Yaghi, 2008). The overlap of the potential energy wells of the pore walls 
of MOFs enhances the adsorption capability of the material. Over 600 
chemically and structurally diverse MOFs have been developed over the past 
several years, with MOF.77 showing one of the highest surface area and CO2 
uptake capacities (Willis 2010). A summary of CO2 capacity of some MOFs at 
25 oC and 16.7 kPa is presented in Table 2.4, while Figure 2.4 illustrates the 
structural and secondary building blocks of MOF.31.39. The amount of CO2 
adsorbed by the respective MOFs is highly dependent on the synthesis routes 
and the activation method used (Yazaydin et al., 2009). The CO2 uptake 
values reported in Table 2.4 were presented in different units by the writers. 
In this table, these values have been converted to a common standard unit 
(mmolg.1) for easy comparison.  Also, the CO2 pressure which alters flexible 
organic linkers in MOFs plays a vital role in determining the adsorption 
capacity of MOFs (Hong and Suh, 2012). Despite the fact that MOFs require 
low energy for regeneration, good thermal stability, tolerance to 
contaminants, attrition resistance, and low cost, additional work is needed to 
determine their stability over thousands of cycles and the effects of impurities 
at typical flue gas temperature and pressure.  
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Table 2.4. CO2 uptake of some MOFs. 
MOF CO2 uptake (mmol g
01) References 
Mg.MOF.74 6.5 Chae et al., (2004)  
Co.MOF.74 3.9 Huang et al., (2003)  
Zn.MOf.74 2.0 Rosi et al., (2005)  
Pd (2.pymo)2 1.0 Chen et al., (2006)  
UMCM.150(N)2 0.48 Loiseau et al., (2006)  
MIL.47 0.30 Ferry et al., (2005)  
ZIF.8 0.19 Ma et al., (2007)  
IRMOF.3 0.19 Park et al., (2006)  
MOF.177 0.16 Szeto et al., (2006)  
IRMOF.1 0.15 Bourrelly et al., (2005)  
UMCM.1 0.13 Lui et al., (2006)  
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Figure 2.4 Schematic illustration of secondary building units (SBUs) for MOF.
31.39 including linkers and resulting topologies (Jaheon et al., 2001).  
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2.4.2Zeolites 
Zeolites are crystalline solids structures made of a network of silicon, 
aluminium and oxygen that form a framework with cavities and channels 
inside where cations, water and/or small molecules may reside. The chemical 
formula for zeolites can be represented as;  
'NaO	 · 	+AlO. · 	/SiO 	 · 2HO……… . (2. 3) 
Where, ' is the cation type, + is amount of aluminium terahedra in moles, / 
is amount of silicon terahedra in moles and 2 is amount of water of 
crystallisation in moles. Zeolites are unique adsorbers owing to their special 
surface chemistries and crystalline pore structures. They have shown 
promising results from separation of CO2 from PSA processes (Dong et al., 
1990; Cheu et al., 1996). Structural illustration of the γ.type zeolites, β.type, 
and Mordenite is presented in Figures 4.1 (a, b and c) respectively. 
 
Figure 4.1 Structural illustration of γ.type, β.type, and Mordenite zeolites 
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Zeolites are promising for carbon capture application in pre.combustion 
carbon, especially as their adsorption capacity is not affected by the presence 
of water vapour at ambient conditions (Siriwardane et al., 2012; Siriwardane 
et al., 2005). However, regeneration energy has always been of great concern 
(Cejka and Heyrovsky, 2005). By using zeolites as adsorbent, CO2 uptake 
capacities of 2.5 to 3 mol kg.1 have been reported by Ranjani et al., (2003) at 
25 oC and 17 to 20 bar. Adsorption capacity of 5.1 mol kg.1 has also been 
reported by Ranjani et al., (2001). These results suggest the usefulness of 
zeolites for carbon capture. However, drawbacks like high regeneration energy 
(Barrer, (1978), still need to be addressed if they are to be employed in pre.
combustion carbon capture. Review articles on zeolites are available at Barrer, 
(1978), Auerbach et al., (2003), Gedeon et al., (2008) and Cejka et al., 
(2007a).  
2.4.3Activated alumina 
Activated alumina is a porous form of aluminium oxide, prepared either 
directly from bauxite (Al2O3∙3H2O) or from the monohydrate by dehydration 
and recrystallization at elevated temperature. Surface areas are in the range 
of 250.350 m2g.1 depending on the activation temperature and the source of 
raw materials (Deng, 2006). Activated alumina demonstrates moderate 
adsorption affinity for CO2, which makes it a suitable candidate for removing 
water and CO2 from air in a PSA process (Deng, 2006). Apart from its use as a 
catalyst, the adsorption properties of activated alumina has been explored 
extensively in the purification of air (Jain and Tseng, 2000; Zou et al., 2001). 
The use of activated alumina for CO2 adsorption using PSA technique have 
been found promising by Golden et al., (1998) and Gaffney et al., (1999). 
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Application to carbon capture was possible due to its resistance to steam and 
good mechanical and thermal stability properties, with high adsorption 
capacity (Zou et al., 2001). 
2.4.4Silica gel 
Silica gel is a partially dehydrated form of polymeric colloidal silicic acid with 
formula SiO2∙nH2O. The water of crystallisation is present in the form of a 
chemically bonded hydroxyl groups which amounts to about 5 wt%. 
Depending on the method of manufacture, silica gel has spherical particles of 
size 2.20 nm, which aggregates to form the sorbent with pore size 6.25 nm 
and 100.850 m2g.1 surface area depending on gel density (Deng, 2006). 
However, its size depends on the size of the original micro particles used in its 
manufacture. Its surface consists of mainly S.OH and Si.O.Si polar groups 
which enables it to adsorb water, alcohols, phenols, amines etc. The properties 
of silica can be easily tailored by surface modification to prepare materials 
with desired properties and applications (Rinker et al., 2000) including CO2 
capture (Tao et al., 2010). As for a practical approach, polyethyleneimine 
(PEI) is used in production of modified silica material (Chibowski et al., 2009). 
Recently, synthesized silica.based materials containing amino groups have 
demonstrated high capacities for CO2 (Gargiulo et al., 2007; Knowles et al., 
2005a; Knowles et al., 2005b). A 2.5 wt% uptake value have been reported 
by Gregory et al., (2005) at 105 oC. An extensive review of material 
development and CO2 capture is covered in Samanta et al., (2012). 
Existing commercial sorbents like zeolites, activated alumina, and silica gels 
will continue to play important roles in adsorptive separation and purification 
for pre.combustion carbon capture, and other industrial processes in the near 
future. However, they cannot meet the needs of future technological 
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developments in the new energy economy and stringent environmental 
regulations (Samanta, 2012). MOFs have shown better promise regarding CO2 
capture compared to the other sorbents, perhaps because of their higher 
surface areas, stability, and the availability of metal cluster and polymer 
molecules which constitutes its structure (Rowsell and Yaghi, 2004). The 
developments of 2nd and 3rd generation technologies remains the key to 
promising CCS future, but systematic investigations are needed on both 
synthesis methods and adsorption characteristic studies. This is the main 
reason for undertaking this study. 
2.5 Carbon materials  
2.5.1Activated carbons 
Activated carbon is a microporous inert carbon with a large internal surface 
area (up to 1500 m²g.1). On this surface, organic molecules from liquids or 
gases can be adsorbed. Activated carbons are normally made by thermal 
decomposition of carbonaceous materials followed by activation with steam or 
carbon dioxide at elevated temperature (700.1100 oC) (Goyal, 2005). Carbons 
can also be activated chemically by using KOH. The structure developed is a 
function of the carbonisation and activation temperatures (Ruthven, 1984). 
The activation process involves essentially the removal of tarry carbonization 
products formed during pyrolysis, thereby opening the pores (Goyal, 2005; 
Ruthven, 1984).  
The structure of activated carbon consists of elementary micro.crystallites of 
graphite stacked in random orientation (Figure 2.5). The spaces between the 
crystals form the micropores with pore size distribution typically trimodal.  
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Figure 2.5 structural illustration of carbon showing a unit cell of graphite 
(Haris 1997) 
The conditions of the initial pyrolysis and activation procedure determine the 
distribution and the total pore volume associated with each pore size. 
Activated carbons tend to be hydrophobic and organophilic because its surface 
is essentially nonpolar, or slightly polar as a result of surface oxidation 
(Patrick, 1995). The pores in activated carbon are divided into three groups; 
the micropores with diameter less than 2 nm, the mesopores with diameter 
between 2 and 50 nm, and the macroporores with diameter greater than 50 
nm. A typical range of pore size distribution in materials is shown in  
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Table 2.5. Pore sizes in a carbon material (IUPAC, 2012).  
 
Micropores Mesopores Macropores 
Diameter (Å) <20 20.500 500 
Pore volume (cm3 g.1) 0.15.0.5 0.02.0.1 0.5.0.5 
Surface area (M2 g.1) 100.1000 10.100 0.5.2 
         (Particle density 0.6.0.9 g cm.3; porosity 0.4.0.6) 
The adsorption behaviour of activated carbon cannot be interpreted on the 
basis of the surface area and pore size distribution only. It has a pore 
structure which determines its adsorption capacity, a chemical structure which 
influences its interaction with polar and non.polar sorbates, active sites in the 
form of edges, and dislocations and discontinuities which determines its 
physisorption with other atoms (Patrick, 1995). This makes activated carbon 
an excellent and versatile adsorbent (Biniak et al., 1997). Activated carbons in 
its difference forms are in high demand for different applications including the 
removal of SOx and NOx, purification of helium, and hydrogen separation from 
syngas and hydrogenation processes etc. It also gains application in 
adsorptive removal of odour, colour, and taste, and other undesirable organic 
and inorganic pollutants in drinking water, and industrial applications; 
pharmaceutical, chemical, and food (Bansal and Goyal, 2005). The chemical 
nature of the surface area explains its ability to adsorb a wide range of organic 
compounds and metal ions, but limits its potential for chemo.selective 
processes (Ruthven, 1984). 
Activated carbon comes in different physical forms; powdered, granulated, and 
the fibrous activated carbon. The powdered activated carbon (PAC) has finer 
particles and allows faster adsorption. However, they cause high pressure drop 
in fixed beds, which are difficult to regenerate (Knappe et al., 1998). The 
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granulated activated carbons (GAC) with 0.6.4.0 mm granules size are hard, 
abrasion resistance and relatively dense to withstand operating conditions 
(Aygun et al., 2003). The fibrous activated carbons (FAC) are more expensive 
than the others but have the capability to be moulded easily into the shape of 
adsorption systems, and produce low hydrodynamic resistance to flow. Other 
forms of activated carbons are; extruded activated carbon, beaded activated 
carbon, impregnated carbons and polymer coated carbons. 
2.5.2Carbon synthesis 
Activated carbons can be made from any carbonaceous material. The base raw 
material and pre.treatment can affect many of the physical characteristics of 
carbon (Patrick, 1995). These different properties make some carbons better 
suited than others for specific applications. Carbons made from lignite tend to 
have a large pore diameter and that makes them better suited for the removal 
of large molecules from liquids. Carbons from bituminous coal have a broad 
range (fine to wide) of pore diameters. They are well suited for general de.
chlorination and the removal of a wider variety of organic chemical 
contaminants from water, including the larger colour bodies. Review by Harris 
et al., (2009); Danafar et al., (2009); Bazargan et al., (2012); and Shaikjee et 
al., (2012) presents details on carbon synthesis from different materials. 
However, activated carbons made for pre.combustion carbon capture must 
have a well.defined structure with suitable active sites, microporosity, and 
high internal surface area, and easily regenerable (Biniak et al., 1997; Jasen 
And Van Bekkum, 1994). Hence, carbon for this purpose must be made from 
base materials that can absolutely transfer their vital properties to the 
synthesized carbons (Kyotani, 2006; Kyotani et al, 2003; Kyotani, 2003). 
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Some physical properties can be important in determining which carbon is best 
suited for a specific application. For instance, the abrasion resistance of 
activated carbons can be important if the carbon is to be used in an 
application where frequent back.washing will be required (Mazzoni et al., 
2011). This property is not necessary for materials in fixed bed systems, but 
may be important in a moving bed system. 
The standard activation route for carbons has been discussed in Patrick, 
(1995). The synthesis route for carbons determines their textural properties 
which play a key role in its adsorption properties. Research breakthrough on 
the synthesis of microporous carbons have increased over the years due to 
increased application in areas such as adsorption of large molecules, catalysis 
(Fuertes, 2004), and superconductors (Fuertes et al., 2005). Highly structured 
microporous carbon materials are currently in high demand by the storage and 
electrode industries. Meso/microporous carbons have been employed for CO2 
capture (Macario et al., 2005; Garsuch et al., 2006; Fagueroa et al., 2008) 
over the years. They have also been used for separation of gases and liquids 
(Alvarez et al., 2007; Parmentier et al., 2009) in industry, methanol fuel cell 
application, as well as catalytic supports or for energy storage in double layer 
capacitors (Wang et al., 2010; Fracknowiak and Beguin, 2001). For pre.
combustion carbon capture, solid adsorbents (eg. microporous carbons) have 
been seen as a potential option for gas separation in carbon capture, 
especially as mass transfer and easy accessibility to sites in structural 
micropores are important. Also, it is a technology to embrace if carbon capture 
is to be affordable, environmentally acceptable, and commercially viable by 
2020 (Kwon et al., 2011).  
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The synthesis of ordered microporous carbon materials from inorganic 
template materials have been reported (Kyotani, 2003; Su et al., 2004; Peng.
Xiang et al., 2005; Kyotani, 2006, Chen et al., 2007) using different template 
materials (Table 2.6). Also, different techniques (Fajula et al., 2003) have 
been applied in filling carbon into the nanochannels of zeolite; impregnation of 
the host material with organic compounds such as polyfurfuryl alcohol (Ma et 
al., 2002), generation of phenol formaldehyde resin inside the pore system of 
zeolite or the deposition of pyrolytic carbon into zeolite channels by propylene 
chemical vapour deposition (CVD) (Ma et al., 2002; Takashi, 2003; Peng.
Xiang et al., 2005). Template carbonisation method consists of the 
carbonisation of an organic compound in nanospace of a template inorganic 
substance and liberation of the resulting carbon from the template. The 
concept of template carbonisation technique is shown in Figure 2.6.  
 
Figure 2.6. Concept of template carbonisation technique using inorganic 
porous template. The red and black parts correspond to carbon precursor and 
carbon respectively (Kyotani, 2006). 
It has been reported by Kyotani, (2006) that synthesizing carbons at 
temperatures greater than 600 oC would result to carbon deposition on the 
external surface of the zeolite particles, which subsequently results in low 
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regularity of the resultant carbons. This effect was avoided by producing 
templated carbons at 600 oC. For this research work, templated carbons have 
been chosen as adsorbents rather than other forms of carbon because their 
base material is cheap and their properties can be altered by the synthesis 
process to obtain controlled pore structure which suits application for CO2 
capture.  
Table 2.6. Summary of some carbon synthesis base materials and techniques. 
Base 
material  
Technique 
 
 
 
Surface area 
(m2 g01) 
 
 
Micropore 
volume 
(cm3 g01) 
 
References 
 
 
 
Zeolite Templating 
 
1150.3600 
 
0.4.1.5 
 
Ma et al., (2002)  
 
Almond 
shell 
Direct 
carbonisation  
8.1090 
 
0.06.0.18 
 
Plaza et al., (2010a) 
  
Wood Direct 
carbonisation  
43.1361 
 
0.17.0.26 
 
Plaza et al., (2010b) 
 
Zeolites  Templating  
 
180.2050 
 
0.1.1.5 
 Kyotani et al., (2003)  
Silica Templating  
 
520.1520 
 
0.04.0.6 
 
Armandi et al., 
(2008)  
Phenolic 
resin 
Direct 
carbonisation 
691.1284 
 
0.3.0.5 
 
Tennison (1998)  
 
 Zeolite  Templating  1320.2260 0.54.1.11 Kyotani, (2003) 
Zeolite Templating 711.3683 0.33.1.6 Su et al., (2004) 
Zeolite  Templating 
 
1600.2400 
 
0.66.1.24 
 
Garsuch et al., 
(2005)  
Zeolites Templating  648.1722 0.33.0.60 Su et al., (2005)  
Clay 
Templating  
330.490 
 
0.08.0.15 
 
Bendosz et al., 
(1994) 
Silica  Templating  
 
770.1480 
 
0.06.0.1 
 
Armandi et al., 
(2007) 
 
Ma et al. (2002) have reported that two.step process of filling carbon into 
zeolite channels by impregnation of furfuryl alcohol, and CVD of propylene was 
indispensable for preparing carbon with high periodic ordering. Also, they 
38 
 
inferred that the key point for appearance of both good long.range periodicity 
and very high BET surface area with almost no mesoporosity in carbons is the 
application of low.temperature CVD. Kyotani et al., (2003) also attempted to 
synthesize porous carbon using other types of zeolites (zeolite β, ZSM.5, 
mordenite and zeolite L). Two methods were used in filling the nano.channels 
of the zeolites; CVD method using propylene and impregnation.CVD using 
zeolite/polyfurfuryl alcohol composite prepared in the same manner as Ma et 
al. (2002). Results showed that optimum carbon filling method for one zeolite 
was not the same for other zeolites. Also, the degree of the regularity of long.
range ordering in the carbons strongly depends on the zeolite type. 
Peng.Xiang et al., (2005) found that the use of CVD gas with a small 
molecular size and low CVD temperature (600 oC) is the key factor for 
obtaining ordered microporous carbon, when template technique was used to 
synthesize microporous carbon. Results showed that the micropore size of 
samples were small and more homogeneous. This was attributed to both the 
zeolite framework and unfilled space in the composite, which become carbon 
micropores when the carbon is liberated from the composite. Phenol.
formaldehyde resins were used as precursor for the preparation of 
microporous carbon based materials (Martin et al., 2011b). The equilibrium 
CO2 capture and performance of carbons under pre.combustion capture 
conditions is not limited to the surface of the material alone, but to both the 
micropore volume and the average micropore width (Martin et al., 2011a). It 
was demonstrated that the capacity of adsorbed CO2 at atmospheric pressure 
correlates better with narrow microporosity. CO2 uptake capacity greater than 
10 wt% was achieved. 
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Zeolite dissolution in hydrofluoric acid (HF) is a vital process in the synthesis 
of carbons from zeolite templates. If the carbons developed by carbonisation 
of precursors within zeolite channels are not liberated, the whole essence of 
templated carbon generation will not be achieved. So, the importance of 
zeolite dissolution in HF is to liberate the templated carbons from the zeolite 
channels. HF has been chosen as the dissolution chemical for zeolites in this 
work because, it removes silicon, aluminium, magnesium and other 
components at rates proportional to their concentrations in the lattice (Kline 
and Fogler, 1981), unlike HCl which acts on silicates and preferentially 
removes aluminium, magnesium, and iron from silica lattice structure.  
The zeolites used in the work have high silica.alumina proportion and this 
according to literature (Hartman and Fogler, 2005; Kline and Fogler, 1981) will 
affect their dissolution rate. The Si.to.Al framework ratio plays a universal role 
in dissolution mechanism, and doesn’t depend on framework type. The 
mechanism by much zeolites dissolve in the presence of hydrofluoric acid had 
been studied by Kline and Fogler (1981). If there is insufficient HF to 
effectively dissolve all of the zeolite in the pore space, fines could be 
generated by cleavage of O.Si.O groups, which in turn leads to partially 
dissolved zeolite and tend to detach from the formation and block the pore. 
Zhuxian et al., (2006) has shown that complete zeolite removal from 
carbon/zeolite composite by HF is achieved when less than 3 wt% of residual 
weight is achieved after burn off operation in a thermogravimetric analyser.  
Apart from inorganic templates, the use of biomass as carbon source has been 
reported to produce good porosity and high surface area carbons. One of such 
work has been reported by Zhang et al., (2008) to involve the use of cornstalk 
to produce high surface area and highly microporous carbon, after 
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carbonisation and KOH activation. Results showed that the pore size remained 
within the micropore range (1.2 µm), whereas, the BET surface area varied 
from 2140.3200 m2 g.1 depending on the concentration of KOH used. Fierro et 
al., (2006) prepared activated carbon of Kraft lignin with ortho.phosphorus 
acid at various temperatures (400.650 oC), weight ratio of ortho.phosphorus 
acid to lignin (P/L = 0.7.1.75) and impregnation times (1.48 hours). 
Irrespective of carbonisation temperature, results showed essentially 
microporous carbons with 80% total micropore volume. Maximum surface area 
of 1305 m2 g.1 and 0.67 cm3 g.1 of pore volume were achieved at 600 oC. 
Pyrolysis of acid.impregnated lignin produced a reduced pore volume and BET 
surface area at temperatures higher than 600 oC. Finally, increased 
impregnation time lowered the surface area and pore volume, even at higher 
activation temperatures.  
It is obvious from literature that the activated carbons produced from different 
precursors provided large spectrum of pore structures and surface chemistry 
(Kyotani, 2006; Ma et al., 2002). They have successfully been employed as 
adsorbents in many different gas separation and purification applications of 
practical importance including CO2 capture. It is no wonder that molecular 
engineering of pore structure and surface chemistry of activated carbons have 
opened up new potential applications such as gas separation using nanoporous 
carbon membrane, gas drying, pollution abatement and natural gas storage 
(Figueroa, 2008). Although, other templating materials like silica exist, 
zeolites have been reported to completely transfer their physical properties to 
synthesized carbons, if synthesis steps are carefully followed (Kyotani, 2003). 
Zeolites have been chosen as the template material for this research work 
because of their high pore regularity, active sites, well defined pore size 
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distribution and relatively high surface area, and their ability to transfer these 
properties onto the synthesized carbons. Based on explicit literature cited in 
Ma et al., (2002), Barata.Rodrigues et al., (2002), and Kyotani (2006), the 
templating technique with carbonisation temperature not exceeding 700 oC, 
will produce carbons of desired characteristics for this research work.  
2.5.3Carbon post production treatments 
Carbon based adsorbents often do not have suitable chemical nature or 
suitable porous structure. The main purpose of a modification operation is to 
develop the internal porous structure or chemical changes in a carbonaceous 
substance (Leboda, 1993). Carbon modification has been seen to improve 
material’s surface chemistry and enhances adsorbates properties for 
applications (Li et al., 2002). The functionalisation of pore surfaces of 
microporous carbons alters surface properties such as acidity, or specific 
affinity (Pevida et al., 2008). This can be achieved by the formation of 
different types of surface groups. These groups include carbon.oxygen surface 
groups, formed by oxidation of the carbon surface with oxidizing gases or 
solutions (Plaza et al., 2010); carbon.hydrogen groups obtained by treatment 
with hydrogen gas at elevated temperatures (Balooch and Olander, 1975); 
carbon.nitrogen surface groups obtained by treatment with ammonia (Pevida 
et al., 2008); carbon.sulphur surface groups obtained by treatment with 
elementary sulphur, carbon disulphide, H2S, SO2, and carbon.halogen surface 
groups formed by treatment with halogen in gaseous or solution phase 
(Moreno.Castilla et al., 1985; Lopez.Gonzalez et al., 1982; Blayden and 
Patrick, 1967). Figure 2.7 shows functional groups attachment to carbon 
surfaces after modification. 
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Figure 2.7 illustration of surface modification by attachment of functional 
groups on carbon surface; (a) amine functional group, (b) nitrogen functional 
group, (c) oxygen functional group 
 
Edges or corners in carbons constitute the main adsorbing surface. When 
these surface groups are bonded or retained at the edges or corners of the 
aromatic sheets, they are expected to modify the adsorption characteristics 
and adsorption behaviour of these carbons (Rai and Singh, 1971; Plaza et al., 
2010). Degassing and impregnating carbon surfaces with metals are other 
methods of modifying carbon surfaces (Hutton et al., 1993).  Activated carbon 
impregnated with metal and their oxides dispersed as small particles, are 
widely used in several gas.phase reactions, both in the industry and for 
human protection against hazardous gases and vapour (Hutton et al., 1993). 
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Impregnation modifies the gasification characteristics and alters the porous 
structure of carbon products.  
Chemical modification of carbons has been studied using different modification 
methods (Table 2.7). Also, the effects of surface modification on carbons and 
activated carbons have been reported to increase adsorption capacity (Shan et 
al., 2008), and cause changes in surface chemistry and porosity of carbons 
(Seredych et al., 2009). Previous work by Pevida et al., (2008), Arenillas et 
al., (2005), Pevida et al. (2008b) and Plaza et al., (2009) have shown that 
activated carbons with basic surface functional groups are good CO2 
absorbers. The findings from the aforementioned literature influenced the 
choice of surface modification method undertaken in this study. It is desired to 
produce a modified carbon with increased adsorption capacity, increased 
surface chemistry, with little or no change in carbon porosity. Hence, the 
chemical modification undertaken for this study was based on the procedure 
reported in Kaneko et al., (1989) and Tsumokawa and Yoshikawa, (1996). 
These procedures are explained in Chapter Three. 
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Table 2.7 Chemical modification in carbons 
Material  Modification 
method 
Surface 
Area  
(m2g.1) 
Micropore 
volume 
(m3g.1) 
Mesopore 
volume 
(m3g.1) 
 
Source 
Coal.based activated carbon Oxidation 658.960 . . Chingombe et al., (2005) 
Carbon whiskers  Oxidation 16.608 0.01.0.48 . Masafumi et al., (1994) 
Activated carbon Oxidation 300.1600 0.06.0.71 0.1.0.3 Lyubchik et al., (2002) 
Activated carbon Amination & 
Ammoxidation 
932.1092 . . Jasen and Van Bekkum, 
(1994) 
Carbon black Oxidation 8.1000 . . Papirer et al., (1996) 
Carbon nanotube Organic 
ydrazines 
. . . Yokoi et al., (2005) 
Carbon nanotube Oxidation . . . Kyotani et al., (2001) 
Granular activated carbon Oxidation 431.648 . . Chen et al., (2003) 
Carbon nanotube Cellulose 
acetate 
. . . Ke, (2009) 
Activated carbon Oxygen 
plasma 
treatment 
917.1050 0.37.0.43 0.71.0.85 Garcia et al., (1998) 
Activated carbon Microwave 
treatment 
219.1341 0.09.0.62 . Nabais et al., (2004) 
Carbon nano fibre CVD and heat 
treatment 
19.300 0.01.0.17 0.03.0.35 Lee et al., (2007) 
Carbon black Oxygen 
plasma 
. . . Takada et al., (1996) 
Carbon nanotube Ethylene 
Glycol Plasma 
. . . Avila.Orta et al., (2009) 
Activated carbon Oxidation and 
ammonia 
treatment 
1071.1178 0.44.0.48 . Biniak et al., (1997) 
Activated carbon Metal oxides 256.1084 0.13.0.44 0.03.0.50 Figueiredo and Ferraz, 
(1982) 
Carbon black Oxidation 47.64 . . Horita et al., (1996) 
Activated carbon microwave 
radiation 
. . . Lui et al., (2010) 
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2.6 CO2 cyclic processes 
CO2 cyclic processes are techniques used to regenerate CO2 from sorbent 
materials during adsorption operations. Three highly established processes are 
used in the process industrial; temperature swing adsorption (TSA), pressure 
swing adsorption (PSA), and vacuum swing adsorption (VSA). These are 
briefly discussed below. 
2.6.1Temperature swing adsorption 
Regeneration of adsorbent in TSA process is achieved by temperature 
increase. This process is used for the removal of volatile organic components 
(VOCs) from air (Tlili et al., 2009). A typical TSA operation consists of a two or 
three.step processes (Ko et al., 2002). Clausse et al., (2004) studied the 
adsorption of gas mixtures in TSA adsorbers under various heat removal 
conditions. For any given partial pressure of the adsorbate in the gas phase 
(or concentration in the liquid phase), an increase in temperature leads to a 
decrease in the quantity adsorbed. TSA process generally enable desorption of 
any components provided that the temperature is high enough. In 
administering TSA, it is important to ensure that the regeneration temperature 
does not cause degradation of the adsorbents.  
A change in temperature alone is not used in commercial processes, because 
there is no mechanism for removing the adsorbate from the adsorption unit 
once desorption has occurred. Passage of a hot purge gas or steam through 
the bed to sweep out the desorbed components is always used, in conjunction 
with the increase in temperature (Haring, 2007). TSA processes are used 
exclusively for treating feeds with low concentrations of adsorbates. TSA is not 
very favourable due to the high vapour consumption needed for heating the 
column. Moreover, the thermal inertia of the solid would lead to long heating 
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and cooling times, which means that the time needed for regeneration is much 
longer than the adsorption step (Bonjour et al., 2005; Pirngruber et al., 2009).  
Since one of the aims of this work is to reduce the energy penalty associated 
with pre.combustion carbon capture, TSA becomes an inappropriate cyclic 
process to employ in this work, especially as gas feed from coal gasification 
are at low temperature and high pressure. 
Pressure swing adsorption 
Pressure swing adsorption (PSA) is a well known method for gas mixture 
separation. As reported in patents (Leitgeb, 1988, Knaebel, 1991, Yee et al., 
1995), there exist three major phases of PSA. At the firtst phase, the 
components of the gas feed is selectively adsorbed under pressure to obtain a 
gaseous stream with reduced adsorbable components. At the second phase, 
the adsorber is subjected to a multistage expansion to desorb the previously 
adsorbed components. Finally, the pressure is increased to the adsorption 
pressure and the cycle is reapeated. To enhance a complete regeneration of 
adsorbents, a purge gas is usually passed at the lowest possible pressure 
through the adsorber to flush out desorbed proportions from the the adsorber 
and to lower the partial pressure of the components to be desorbed.  
Because of its lower energy and cost penalty, PSA can be applied industrially 
in gas drying, solvent vapour recovery, fractionation of air, production of 
hydrogen from steam methane reformer (SMR) and petroleum refinery of 
gases, separation of carbon dioxide and methane from landfill gas, carbon 
monoxide.hydrogen separation, normal isoparaffin separation,  alcohol 
dehydration, and separation of CO2 from syngas (Schell, 2009). A simplified 
dynamic model for a PSA air separation process is developed based on 
linearized mass transfer rate expressions and binary  Langmuir  equilibrium 
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(Hassan et al., 1986). Water shift gas (WSG) product streams (H2 and CO2) 
are often delivered at approximately 2 MPa and 850.950 oC, recovering over 
90% of the hydrogen stream with >99.99% purity (Reynolds et al., 2005). A 
99.8.99% CO2 recovery have been reported by Schell et al., (2009) using 
PSA. Application of PSA process have been reported to remove CO2 from gas 
streams using activated carbons (Kikkinides et al., 1993; Chue et al., 1995). 
Anshul et al., (2010) have showed in their work that PSA/VSA is a promisiing 
technology for pre.combustion capture systems having achieved  CO2 recovery 
of 98%,  and minimal power consumption with 98% purity. Although the 
development of practical processes of gas separation by PSA has been 
extremely successful over the years (Ranjani et al., 2003). Ritter and Ebner, 
(2007) provide a comprehensive review on the use of adsorption technologies 
for CO2 removal in gasification. It is clear that PSA cycles will not only recover 
H2 at high purity, but simultaneously recover highly pure CO2 stream in 
gasification, ready for transportation and storage (Ritter and Ebner, 2007). 
This makes PSA a desired process/technology for application in pre.
combustion carbon capture. 
Vacuum swing adsorption 
Vacuum swing adsorption (VSA) is a modification of the PSA process, and was 
developed to improve regeneration efficiency with lower power consumption 
and easier operating procedure (Ruthven, 1984; Plaza et al., 2007; Soonchul 
et al., 2011). In this process, a partial vacuum is applied to the sorbent bed 
during the desorption stage. VSA cycle is similar to PSA, except for the 
absence of the pressurisation step, which makes it simpler and more cost 
effective. It differs from PSA by the use of low absolute pressures and it is 
completely dependent on the nature of the gas component and its affinity to 
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the sorbents (Soonchul et al., 2002). More than 90% CO2 with 95% purity 
have been reported by Xiao et al., (2009) using a VSA process. 
The regeneration technique used for pre.combustion carbon capture must be 
one with reduced energy penalty, and compression costs.  Considering these 
facts, the TSA is ruled out as an option for physisorption. The PSA and VSA 
remain candidates for pre.combustion carbon capture. However, the PSA 
would be adopted as the technique for CO2 regeneration for this work because, 
CO2 uptake will be measured at high pressure. Since CO2 is at high partial 
pressure during coal gasification (Clayton et al., 2002), it would be 
appropriate to utilise this high partial pressure and save energy and cost that 
would have been needed for pressurisation and compression.  
2.7  Summary 
Thus far, different base materials and methods have been used to produce 
activated carbons for experimental purposes. Most research on templated 
carbon has focused on characterisation of these materials without further 
effort on application to carbon capture. This may be due to the nature of the 
various preparation methods used, which allowed only small quantities of 
carbons to be produced. Even when uptake capacities are measured, they are 
obtained at ambient temperature and pressure. This leaves the question of 
application of templated carbons to carbon capture, and the determination of 
uptake capacities of these materials at high pressure conditions. 
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CHAPTER THREE 
3Methods and Experimental 
3.1 Introduction  
This chapter introduces the fundamental techniques used in obtaining results 
presented in this thesis. It starts with the description of the working principles 
of the analytical equipment, followed by the experimental procedure used to 
analyse materials. Also, the design and construction of a chemical vapour 
deposition (CVD) rig has been reported here. Figure 3.1 presents a flowchart 
of method and experimental analysis undertaken in this research work. 
 
Figure 3.1. Experimental method flowchart. 
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3.2 Construction of the vertical furnace & 
reactor for chemical vapour deposition 
(CVD) 
A vertical furnace and chemical vapour deposition (CVD) rig was used for 
carbonisation of zeolite/furfuryl alcohol (FA) composite (Figure 3.2). A vertical 
furnace orientation was selected as it will allow better mixing to promote 
uniform carbonisation of the carbon/zeolite composite in the quartz tube, as 
compared to the horizontal tube which may only allow surface carbonisation of 
zeolite/FA composite. A quartz tube (38 mm I.D with sinter located at the 
middle) was used as the reactor as it could withstand temperatures reaching 
1200 oC. The sinter serves a base for the materials during the entire 
carbonisation operation. The quartz tube setup was designed such that two 
silicon rubber stoppers were placed at the top and bottom to prevent air from 
getting into the tube during carbonisation operation. Nitrogen gas supplied at 
142.5 mL min.1 was passed from the bottom of the tube to create an inert 
condition in the tube and to prevent oxidation reaction from occurring in the 
tube. The system was purged for 30 minutes before the start of the 
experiment. Acetylene gas required for the CVD operation was also piped into 
the apparatus at a flow rate of 7.5 mL min.1, and controlled by a flow meter. 
The design of the CVD rig is shown in Figure 3.2. Acetylene was chosen as the 
CVD gas as it possesses smaller molecular size in comparison with the inner 
diameter of the zeolite channels (Kyotani, 2006). This allows for easy 
acetylene diffusion in the channels whilst avoiding pyrolytic decomposition on 
the external surface of the zeolite.  
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Figure 3.2. Schematic of vertical furnace/CVD rig. 
Acetylene is a flammable gas with a flash point at 17 oC. This makes it highly 
flammable at very low temperature. For this reason, two separate flash back 
arrestors have been used in the design of the rig. The first arrestor was used 
at the acetylene cylinder head while the second arrestor was used at the 
junction where the nitrogen and acetylene gas supply meet. This is to further 
arrest any acetylene from flowing into the furnace and prevent an explosion 
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should the first arrestor fail. Cold air supply was piped to the top and bottom 
ends of the quartz tube to provide cooling to prevent the silicone stoppers 
from burning and deteriorating. A vent was included in the design to pass off 
all volatiles resulting from the combustion to prevent contact and inhalation by 
the operator and those in the vicinity of work. 
The acetylene gas cylinder can supply acetylene at a maximum pressure of 
200 bar, however, the regulator has been set to release acetylene at a 
maximum of 1.2 bar of pressure to avoid overpressure within the delivery 
pipes. For safety reason, all experiment was performed within the temperature 
range of the furnace (1200 oC), and the Proportional Integral Derivative (PID) 
control system of the furnace was programmed to operate the furnace at a 
maximum of 700 oC 
3.1 Furnace calibration 
In order for accurate temperature measurements to be taken, strict control 
must be maintained throughout the temperature programs of the furnace. The 
PID control system of the furnace must be understood and optimised for 
constant temperature program to be maintained.  
In order to achieve the PID values of the temperature controller accurately, an 
iterative process of each parameter was undertaken until a plot (Figure 3.3) 
which is close to the ideal was obtained. The PID values for this were DAC = 
1.0, cycle time = 17 seconds, proportional band = 225 oC, derivative time is 
1.0 second, and the integral time = 5 minutes. 
From Figure 3.3, it is clear that the temperature.time profile for the controller 
is approximately the same as the profile required. Point B shows a steady 
ramp rate which is the same as required. The initial overshoot (point A) was 
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as a result of control warm up characteristics of the temperature controller, 
while the overshoot recorded at the ‘soak’ stage (point C) was due to 
temperature overshoot from the temperature controller. However, this 
overshoot was automatically corrected as the ‘soak’ time increased (point D) 
(Speyer, 1994; Smith 2009).  
 
 
Figure 3.3. Accurate temperature control profile. 
A = initial overshoot from temperature controller; B = actual heating rate 
proportional to ideal heating rate; C = overshoot from temperature controller 
due to overheating; D = overshoot corrected with increased soak time 
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3.2 Experimental procedure for templated 
carbon preparation 
The zeolites used in this study were obtained from Tosoh Corporation Europe. 
Three different zeolites; γ.type zeolite (HSZ 320 NAA), Mordenite (HSZ 690 
HOA), and β.type zeolite (HSZ 930 HOA) have been used as templates for this 
work. The method employed for this synthesis is based on the methods 
specified in Peng.Xiang et al., (2005), and the carbon synthesis operations are 
discussed below.  
Two synthesis routes were explored for the production of templated carbon in 
this study (Figure 3.4). The first route was the direct carbonisation of 
acetylene into zeolites channels, and the second route was the introduction of 
a precursor.furfuryl alcohol (FA) into the zeolites channels (Figure 3.5) before 
acetylene carbonisation. In both cases temperature of 600 or 700 oC was used 
for CVD. A list of all the materials and synthesis conditions in this study is 
presented in Table 3.1, and full details for the synthesis conditions is provided 
in Section 3.2.1 to 3.3.3. Sample codes have been used for easy identification 
of materials, for example, γ.AC6.5% represents a templated carbon 
synthesized from γ.type zeolite, and carbonised at 600 oC with 5% acetylene 
in N2. While γ.PFA.AC6.5% represents the same materials as γ.AC6.5% but 
with the addition of FA precursor. 
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Figure 3.4. Flowchart of carbon synthesis route for this study. 
 
  
Figure 3.5. Setup for synthesis of templated carbons. 
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Table 3.1. Carbon synthesis matrix. 
Parent 
zeolite 
 
 
 
Sample name CVD 
temperature 
(oC)  
Precursor 
(PFA) 
addition 
PFA 
carbonisation 
temperature 
(oC)  
Secondary 
activation 
temperature 
(oC) 
Hold 
time 
(Hour) 
 
 
Acetylene 
loading  
(mL min.1) 
 
 
HSZ 320 
NAA 
γ.AC6.2% 600 . . . . 2 
γ.AC6.5% 600 . . . . 5 
γ.AC7.2% 700 . . . . 2 
γ.AC7.5% 700 . . . . 5 
γ.PFA.AC6.2% 600   600 . 4 2 
γ.PFA.AC6.5% 600   600 . 4 5 
γ.PFA.AC6+AC7.5% 600&700   600&700 700 4 5 
γ.PFA.AC6+AC7.2% 600&700   600&700 700 4 2 
γ.PFA.AC7.5% 700   700 . 4 5 
HSZ 930 
NHA 
β.AC6.2% 600 . . . . 2 
β.AC6.5% 600 . . . . 5 
β.AC7.2% 700 . . . . 2 
β.AC7.5% 700 . . . . 5 
β.PFA.AC6.5% 600   600 . 4 5 
β.PFA.AC6+AC7.5% 600&700   600&700 700 4 5 
β.PFA.AC7.5% 700   600 . 4 5 
HSZ 690 
HOA 
M.AC6.2% 600 . . . . 2 
M.AC6.5% 600 . . . . 5 
M.AC7.2% 700 . . . . 2 
M.AC7.5% 700 . . . . 5 
M.PFA.AC7.5% 700   700 . 4 5 
CVD= Chemical vapour deposition; PFA= Polyfurfuryl alcohol; HSZ 320 NAA= γ.type zeolite; HSZ 930 NHA= β.
type zeolite; HSZ 690 HOA= Mordenite zeolite 
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3.2.1Experimental procedure for zeolite carbonisation 
The zeolites were initially dried at 105 oC for six hours before acetylene 
carbonisation. About 5 g of zeolites were placed into a quartz tube and 
mounted on the CVD rig (Figure 3.2) through which nitrogen gas was passed 
for approximately 30 minutes to remove any residual oxygen. After this, the 
zeolites were heated to 600 oC or 700 oC as required in the vertical quartz 
reactor at the rate of 5 oC min.1 under N2 flow for two hours, after which 
acetylene (7.5 mL min.1) was fed into the reactor for four hours. The reaction 
of acetylene onto the zeolite resulted in pyrolytic carbon deposition in the 
zeolite pore structure. The resulting zeolite/carbon composite was cooled to 
room temperature under N2 atmosphere. Acetylene was chosen as the 
chemical vapour deposition gas throughout the carbon preparation process in 
this work. This is because acetylene consists of small size molecules that can 
easily enter the zeolite channels during carbonisation (Kyotani, 2006). 
Temperature profile for the CVD operation is presented in Figure 3.6. 
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Figure 3.6. Temperature profile of CVD: (a) CVD at 600 oC, (b) CVD at 700 oC. 
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3.2.2 Polymerisation of furfuryl alcohol onto zeolite 
channels 
The zeolite was initially dried in a flask and kept at 150 oC under vacuum (200 
mbar) for 6 hours to dry. Liquid furfuryl alcohol (FA) (4 mL g.1 of zeolite) was 
introduced into the flask under reduced pressure at room temperature. The 
system’s pressure was increased to atmospheric pressure by introducing N2, 
and subsequently stirred at room temperature for 8 hours.  The polymerisation 
of FA in zeolite channels was carried out by heating the resultant mixture at 
80 oC for 24 hours, then at 150 oC for 8 hours in a flow of N2. The resulting 
mixture was centrifuged and filtered, followed by washing with mesitylene to 
remove any unreacted FA from the zeolite. The resulting polyfurfuryl alcohol 
(PFA)/zeolite composite was carbonised as described in Section 3.2.1. 
3.2.3 Hydrofluoric acid (HF) wash and drying Process  
It was necessary to determine the appropriate volume of HF to use for 
complete removal of zeolite from one gram of carbon. Zhuxian et al. (2006) 
have reported that complete zeolite removal from carbon/zeolite composite is 
achieved when a residual mass of zeolite of less than 3 wt% is achieved after 
burn off operation in a thermogravimetric analyser. To confirm this on studied 
samples, one gram of carbon/zeolite composite was placed in 100 mL and 30 
mL of HF respectively for wash at room temperature for 6 hours. The aim of 
using two different quantities of HF is to ascertain the least possible amount of 
HF required to achieve complete zeolite dissolution. Results from TGA analyses 
(Table 3.2) showed that residual mass was less than 3 wt% of the total 
sample weight after sample burn off at 800 oC, signifying total dissolution of 
the zeolite template in the carbon. Based on these results, 30 mL HF solution 
was adopted for HF wash throughout this work. 
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Table 3.2. TGA results from burn off operation of zeolite/carbon composite. 
HF volume 
used (mL) 
Moisture 
(wt.%) 
Volatile 
(wt.%) 
Fixed carbon 
(wt.%) 
Residual 
weight wt%) 
30 23.93 5.46 69.89 0.72 
100 2.38 9.99 86.40 1.23 
 
30 mL of 47 wt% HF solution was used per gram of carbon/zeolite or 
PFA/zeolite composite. The carbonised material was slowly added to the HF 
solution in a teflon beaker while a magnetic stirrer was stirring. The magnetic 
stirrer was allowed to stir at 300.400 rpm for 6 hours. The resulting mixture 
was poured into a teflon centrifuge tube, and separated at 4000 rpm for 5 
minutes in a centrifuge (Rotofix 32A Zentrifugen) to recover the carbon from 
the HF solution. The mixture was filtered and washed with deionized water and 
dried using a vacuum filtration system. Teflon beakers were used throughout 
this process to avoid HF attack on the washing apparatus. It should be noted 
that all HF washing processes was done in a designated laboratory fume hood 
at room temperature. 
3.3 Surface modification of carbons 
3.3.1Hydrogenation of templated carbons 
Hydrogenation of synthesized templated carbons is the first stage in preparing 
the carbon surfaces for modification. Hydrogen bonds are easily formed on the 
polycondensed aromatic rings of carbons and serve as reactive sites for 
amines. Hydrogenation of carbon can be achieved by heating with hydrogen 
under pressure and at elevated temperatures. Yield decreases with increasing 
temperature. Hydrogenation can be controlled by adjusting the hydrogen 
pressure and reaction temperatures (Taylor, 1999). This hydrogenation 
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process is easy to apply, and the absence of air in the reaction process 
reduces susceptibility towards oxidation. The hydrogenation step employed in 
this research work was achieved by adopting the method of Kaneko et al., 
(1989). Figure 3.7 shows an illustration of the modification steps undertaken.   
 
Figure 3.7. Modification steps for activated carbons under study. 
Hydrogenation was carried out in a fixed bed hydropyrolysis (HyPy) apparatus 
(Figure 3.8). The apparatus and procedure have been described elsewhere 
(Meredith et al., 2004; Love et al., 1995). Briefly, the carbon samples were 
placed in a reaction tube and heated using resistive heating from 50 oC to 350 
oC at the rate of 10 oC min.1 under hydrogen gas at 4 and 5 MPa of pressure 
for 20 minutes. The hydrogen sweep was at a flow rate of 5L min.1 measured 
at ambient temperature and pressure. After this, the materials were cooled to 
room temperature under hydrogen and at atmospheric pressure. The 
temperature.time profile for hydrogenation of synthesized carbons is 
presented in Figure 3.9. 
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Figure 3.8. A schematic of the Hydropyrolysis apparatus. 
 
Figure 3.9. Temperature profile for hydrogenation of synthesised carbons. 
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3.3.2Nitration of templated carbon 
Nitration and reduction of nitro group in the carbons was carried out using the 
method of Yoshikawa and Tsumokawa, (1996). The introduction of amino 
groups onto the carbon was achieved by the addition of nitrate groups onto 
the surface of the carbon followed by their reduction. For nitration of 
polycondensed aromatic rings of carbons, 120 mL of acetic anhydride was 
poured into a three.necked flask, and 3 g of carbon was added. 30 mL of 
fuming nitric acid was added (drop wise) to the whole suspension (Figure 
3.10). The mixture was stirred with a magnetic stirrer at temperature below 5 
oC for 5 hours, and then at room temperature for another 5 hours. After the 
reaction, the content of the flask was poured into a beaker containing 1L of 
ice.cold water. The supernatant solution was removed by decantation and the 
carbon material precipitated was washed with distilled water until the filtrate 
was neutral. It was then dried under vacuum (150 mbar) for 24 hours. 
 
Figure 3.10. Setup for the nitration of synthesized carbons. 
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3.3.3Reduction of the Nitro Groups on the Carbon 
Reduction of the nitro groups on the carbon was carried out by adding 50 mL 
of distilled water and 80 mL of 15% sodium hydrosulfite aqueous solution into 
a 200 mL flask containing 12 mL of 30% ammonia water. The mixture was 
stirred with a magnetic stirrer at room temperature for 24 hours in nitrogen 
atmosphere. After the reaction, the carbons was filtered and washed with 
distilled water until the filtrate was neutral. The resulting amine modified 
carbon was vacuum dried (150 mbar) at 110 oC.  
3.4 Oxidation of phenolic resin activated 
carbons 
This section of work was conducted by Plaza et al., (2012). Oxidised carbons 
were produced by modifying a spherical phenolic.resin.derived activated 
carbon supplied by MAST Carbon Ltd. (Kozynchenko and Tennison, 2001), 
from now on referred as M. This was used as the base material for which 
different oxidation treatments were compared.  
A first series of oxidised carbons were prepared by stirring 1 g of carbon in 10 
mL of a saturated solution of ammonium persulfate in sulphuric acid (1 M) at 
room temperature for different periods of time: 1, 3 and 24 hours (Moreno.
Castilla et al., 1997). The samples will be referred as MAP.1, MAP.3 and MAP.
24, respectively. The excess solution was removed by repeated washing of the 
treated carbon with water purified by reverse osmosis (Milli.RO), until the 
washings presented neutral pH. Finally the samples were dried overnight in a 
vacuum oven at 100 oC and 150 mbar. 
A series of nitric acid oxidised carbons were prepared by placing 1 g of carbon 
in a round bottom flask with 10 mL nitric acid (1 M and 16 M). The contents 
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were stirred at 90 oC for different periods of time: 1, 3 and 24 hours. All the 
samples were thoroughly washed with purified water until the washings were 
no longer acidic. Finally, the samples were dried overnight in a vacuum oven 
at 100 oC and 150 mbar. The carbons produced by this treatment will be 
referred as MNA1.1, MNA1.24, MNA16.1 and MNA16.3. It is expected that the 
extent of oxidation will increase at the higher concentration of nitric acid. It 
has been previously reported that temperatures in the range of 80.100 oC are 
required to provide an adequate rate of oxidation (Golden and Sircar, 1990). 
A gas phase oxidised carbon was prepared by heating 1 g of carbon in a 
horizontal furnace under a flow rate of 100 mL min.1 of nitrogen, until the 
desired temperature (420 oC) was reached. Following, a flow rate of 10 mL 
min.1 of dry compressed air was added to the nitrogen stream, and the sample 
was held at this temperature for additional 3 hours, before being cooled to 
room temperature under nitrogen. The carbon obtained was denoted as MAM. 
The temperature of 420 oC was selected because it has been reported to be 
the optimum temperature for the formation of surface oxides (Donnet, 1968; 
King, 1937). The extent of the oxygen incorporation through the different 
oxidation treatments was determined by the ultimate analysis of the samples.  
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3.5 Pore Structure Characterisation of the 
Carbons 
 
Micromeritics ASAP system 
The micromeritics ASAP system uses the gas sorption technique to generate 
high.quality data for applications that require high performance/high sample 
throughput. Standard features include six independently operated analysis 
ports, and a programmable, and fully automated sample preparation module 
with twelve independently operated ports. Both mesoporous and microporous 
samples may be characterized using the conveniently built.in t.plot reports.  
The Micromeritics ASAP uses the “Physi ViewCalc “(an Excel spreadsheet 
tool) to calculate BET surface area, Langmuir surface area, t.plot micropore 
volume, and t.plot external surface area.  

The pore structure characterization of the carbon materials was carried out 
using a Micromeritics ASAP 2420 (Micromeritics Norcross, GA, USA) with N2 
adsorption isotherm measured at .196 oC. The basics of the analytical 
technique are simple; a sample contained in an evacuated sample tube is 
cooled (typically) to cryogenic temperature. Then, it is exposed to analysis gas 
at a series of precisely controlled pressures. With each incremental pressure, 
the number of gas molecules adsorbed on the surface increases. The pressure 
at which adsorption equilibrium occurs is measured and the universal gas law 
is applied to determine the quantity of gas adsorbed. As adsorption proceeds, 
the thickness of the adsorbed film increases. Any micropores in the surface 
are quickly filled, then the free surface becomes completely covered, and 
finally larger pores are filled. The process may continue to the point of bulk 
condensation of the analysis gas. Then, the desorption process may begin in 
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which pressure systematically is reduced resulting in liberation of the adsorbed 
molecules. As with the adsorption process, the changing quantity of gas on the 
solid surface is quantified. These two sets of data describe the adsorption and 
desorption isotherms. Analysis of the isotherms yields information about the 
surface characteristics of the material.  
3.5.1Experimental procedure 
About 200 mg of sample was weighed and placed in the sample tube to degas 
under vacuum at 300 oC for 24 hours prior to adsorption measurements. The 
sample is then exposed to nitrogen gas at a series of precisely controlled 
pressures. With each incremental pressure, the number of nitrogen molecules 
adsorbed on the surface increases. The pressure at which adsorption 
equilibrium occurs is measured and the universal gas law is applied to 
determine the quantity of gas adsorbed. The apparent surface areas (SBET) 
were calculated from the physical adsorption of N2 using the Brunauer, 
Emmett and Teller (BET) method (see Section 3.7.2). The adsorption data 
were measured at .196 oC in the relative pressure range (P/P0) of 0.01 to 0.10 
nm in order to give positive BET constants. Total pore volume was calculated 
as the amount of nitrogen adsorbed at P/P0 = 0.99, and the pore volumes in 
the pores ranging from 19 to 50.1 nm were evaluated by the BJH method 
(Barrett, 1951) and recorded as mesopore volume. The micropore volumes 
were calculated by the Dubinin.Radushkevich (DR) method (Gil and Grange, 
1996; Rand, 1976), assuming an affinity coefficient of 0.33 (see Section 
3.7.3). The pore size distribution was calculated using the Non Local Density 
Functional Theory (NLDFT) method (Neikmark, 1995) from the adsorption data 
between 0.00 to 0.90 P/P0 assuming slit pore geometry.  
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3.6 Adsorption isotherm 
The adsorption isotherm is widely employed for representing the equilibrium 
states of an adsorption system. This is because it gives useful information 
regarding the adsorbate, adsorbent and the adsorption process. Adsorption 
isotherm also helps to determine the surface area of the adsorbent, the 
volume of the pores, and their size distribution, heat of adsorption, and the 
relative absorbability of a gas or a vapour on a given adsorbent. Data for 
isotherms analysis is gathered from gravimetric or volumetric studies, in which 
the change in mass with changing pressure is recorded at a constant 
temperature. The pores of the adsorbate are emptied under vacuum, and then 
a stream of the adsorbate (either gas or vapour) is exposed to the material to 
give the isotherm.  The change in mass corresponds to the amount of gas or 
vapour adsorbed by the material. A plot of amount adsorbed in mmol g.1 
against relative pressure (P/P0) gives the adsorption isotherm. The saturation 
vapour pressure is the pressure at which the vapour is in equilibrium with its 
non.vapour phase, which is specific at a given temperature. Gas/vapour 
condensation usually occurs at p/p0 = 1.  For volumetric data, when the 
sample reaches equilibrium with the adsorbate gas, the final equilibrium 
pressure is recorded, and used to calculate the quantity of gas adsorbed by 
the sample. A plot of the equilibrium volume adsorbed against the equilibrium 
pressure gives the adsorption isotherm. 
3.6.1 Classification of isotherms 
Six possible isotherm shapes can be obtained from isotherm data and are 
classified according to Brunauer, Deming, Deming and Teller (BDDT) 
classification. These isotherm types are shown in Figure 3.11.   
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Figure 3.11. BDDT classification of isotherms (Goyal and Bansal, 2005).  
&'!	
This isotherm is concave to the relative pressure axis.  As the majority of 
micropore filling occurs at relative pressure of less than 0.1, the steep uptake 
at the start of this isotherm is indicative of an adsorbent with a microporous 
structure. Materials which show this type of isotherm include zeolites, 
activated carbons and metal organic frameworks.  
&'!	
This isotherm shape is obtained when gases are adsorbed onto non.porous 
solids. Monolayer coverage occurs, followed by multilayer coverage at the 
start of the linear section of the isotherm marked Point B on Figure 3.11. 
Nitrogen adsorption on non.porous or macroporous powders such as carbons 
or oxides often gives this type of isotherm.  
&'!	
This isotherm can be exhibited by non.porous and microporous solids.  It often 
results when there are weak interactions between adsorbate and adsorbent, 
leading to a convex shape isotherm. The uptake increases at higher relative 
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pressure after a molecule of adsorbate has been adsorbed.  Adsorption of 
water on activated carbons exhibits this type of isotherm. 
&'(!	
This isotherm follows the same shape as the Type II isotherm, with the first 
section being attributed to the same monolayer – multilayer formation. This 
isotherm contains a “hysteresis” loop (see Section 3.6.2), and takes place in 
the mesoporosity of a material. Hysteresis is often associated with capillary 
condensation. 
&'(!	
This isotherm has the same shape as a Type III isotherm, but displaying a 
“hysteresis” loop.  
&'(!	
This stepped isotherm was first introduced as a theoretical isotherm, and 
indicates an adsorption on homogenous, non.porous surfaces. The steps 
shown on the isotherm indicates the presence of multilayer.  
3.6.2Adsorption hysteresis 
Hysteresis loops generally occur in the multilayer region of adsorption 
isotherms, as shown in isotherm types IV and V above. Hysteresis loops are 
associated with the filling and emptying of mesopores. In carbon based 
materials the hysteresis is based on pore filling (capillary condensation). 
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3.7 Methods for interpreting the adsorption 
isotherms  
Isotherm models are used to interpret the adsorption isotherms.  There are 
four isotherm models which can be used for analysis: Langmuir, Brunauer – 
Emmett . Teller (BET), Dubinin Radushkevich method (DR), Temkin adsorption 
isotherm and Freundlich models. These models make use of the isotherm data 
to produce a linear plot for analysis. The Langmuir, the Freundlich, and the 
Temkin are very important for chemisorption. Although, the Langmuir and the 
Freundlich isotherms are equally important for physisorption, the BET equation 
and the Dubinin equations are more important for analysis of the physical 
adsorption of gases and vapour on porous carbon (Goyal and Bansal, 2005). 
As such, only the BET, Langmuir and Dubinin isotherm models have been 
discussed in this work. 
3.7.1Langmuir Model 
The Langmuir isotherm equation is the first theoretically developed adsorption 
isotherm equation. Subsequent equations were either based on this equation 
or its concepts (Ruthven, 1984; Goyal and Bansal, 2005). The Langmuir model 
is based on three major assumptions: 
• The surface of the adsorbent contains adsorption sites which are all 
energetically homogenous. 
• Only one molecule may be adsorbed onto one site, and coverage stops 
at monolayer capacity.  
• The adsorbed molecules have no interaction with other adsorbed 
molecules.  
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In the Langmuir model, at equilibrium the rate of adsorption is equal to the 
rate of desorption. The Langmuir equation can be written as  
5 = 781 + 78……… . (3. 1) 
Where  is the number of moles adsorbed per gram of the adsorbent and 5 
is the monolayer capacity in moles, 8 represents the pressure of the system, 7 
the Langmuir constant.   
The Langmuir equation is applicable to Type I isotherms.  When originally 
applied, the amount adsorbed at the plateau of the isotherm was thought to 
be the value of monolayer coverage.  This has since been amended as the 
plateau was reported to be associated with the completion of pore filling rather 
than monolayer coverage (Rouquerol et al., 1999). 
3.7.2Brunauer – Emmett – Teller (B.E.T) model 
Type II and Type IV isotherms are often classified as B.E.T isotherms.  In the 
1930’s Brunauer and Emmer worked on the adsorption of nitrogen onto a 
synthetic iron ammonia catalyst (Rouquerol et al., 1999; McMillan and Teller, 
1950).  This led to the discovery of the sigmoidal shaped Type II isotherm, 
and multilayer formation.  They discovered that the change from monolayer 
capacity to multilayer capacity occurred at Point B (see Figure 3.11), the start 
of the linear section of the isotherm (Rouquerol et al., 1999). The equation 
they derived built on the Langmuir model to take into account multilayer 
adsorption. The assumptions used in deriving this model were the same as 
Langmuir, with the following additions: 
• Unrestricted multilayer formation may take place. The first layer of 
adsorbed molecules acts as a base for the adsorption of the second 
layer of molecules, which in turn acts as a base for the adsorption of 
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the third layer, and so on, so that the concept of localization is 
maintained in all layers. 
• Only the uppermost layers of molecules in the multilayer system are in 
dynamic equilibrium with the vapour. 
• The forces of interaction between the adsorbed molecules are 
neglected, so at equilibrium, the rate of condensation on the bare 
surface is equal to the rate of evaporation from the first layer. 
The summation of the amount adsorbed in all the layers yields the BET 
equation (3.2 9:(9;<9) = =:>? + (?<=):>? 	@ 99;A……… . (3.2). From this, the BET surface area 
of the adsorbent may be calculated using equation (3.3). 
B(BC − B) = 15 + ( − 1)5 	D BBCE……… . (3. 2) 
    
( )  	 
 +−≈ … … ….  (3. 3) 
Where  is the BET parameter, F is the universal constant,    is the 
values of enthalpy of adsorption, G is the temperature, and    is the 
values of enthalpy of vapourization. 
The BET equation is very useful for explaining adsorption data on nonporous 
and macroporous surfaces. It is the most widely used adsorption isotherm 
model for surface area studies (Blackman, 2005) with nitrogen being the 
standard adsorptive at .196 oC (Brunauer et al., 1940). The equation 
sometimes loses its applicability on microporous adsorbents. Some authors 
are of the view that the BET concept loses it meaning because the adsorption 
takes place through volume filling of micropores (Goyal and Bansal, 2005). In 
the relative pressure range of 0.05 to 0.35, the BET adsorption isotherm is 
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most frequently linear. At lower relative pressures, equation (3.2) is not 
usually valid because the influence of surface heterogeneity becomes 
significant. It also losses its validity at higher relative pressures due to the 
occurrence of adsorption by capillary condensation and physical adsorption.  
3.7.3Dubinin0Radushkevich (DR) 
Dubinin proposed a new theory of pore filling, rather than the adsorption via 
layers as proposed by Langmuir and Brunauer. Dubinin proposed the theory of 
the volume filling of micropores, where adsorption occurs through the filling of 
micropores from the smallest to the largest pores (Dubinin, 1989; Dubinin, 
1974; Dubinin, 1980; Dubinin, 1981). The Dubinin.Radushkevich method 
allows the calculation of micropore volume from the low pressure regions of 
the DR plot.  The DR plot is based on a Gaussian distribution of energy within 
the micropores, which is related to the pore size, due to the potential energy 
of pore walls increasing with increasing pore wall proximity.  The DR plot is 
obtained by analysing isotherms of CO2 adsorption at 0 
oC. 
The general form of the DR equation is: 


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 …. … … .(3.4) 
Where ( )




β
= = a measure of the pore size distribution of the 
adsorbent, 

  is the micropore volume, H = amount adsorbed at pressure p; 
 = total amount adsorbed; p = pressure; p0 = saturation vapour pressure, a 
constant characterising the pore.size distribution, β  is a constant called the 
affinity coefficient for a given pair of vapour, and its value is independent of 
the temperature and the nature of the porosity of the given adsorbent (active 
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carbon). β  is thus a measure of the absorbility of a given vapour used on a 
given carbon with respect to the vapour selected as standard. 
A plot of   against 


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


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




is a straight line with slope   and intercept


.
 
The steeper the gradient of the line, the wider the distribution of micropore 
sizes. The intercept 

  gives the micropore volume.  Any deviations from a 
linear plot can be explained by the presence of larger porosity, or the filling of 
larger pores, such as mesopores.  This plot makes it possible to calculate the 
micropore volume from the low.pressure part of the isotherm and offers the 
possibility of using different adsorbates as molecular probes.  
3.7.4Density functional theory (DFT)/ non0linear density 
functional theory (NLDFT) 
DFT/NLDFT describes the gas adsorption process at the fluid.solid interface. It 
provides a method by which the total experimental isotherm can be utilized to 
determine both microporosity and mesoporosity as a continuous distribution of 
pore volume with respect to pore size. Conventional data reduction methods 
apply to particular regions of the isotherm, and require transitions to other 
methods when moving between these regions. DFT/NLDFT provides a 
continuous distribution, with smooth transition between regions and all data 
are used. In DFT, variational method is used to minimise the free energy 
functional, and this makes it easy to determine the density profile. For 
systems whose fluids are simple and near.spherical molecules, the accuracy of 
the DFT model isotherm obtained competes with those from molecular 
simulation. However, the computational time needed by DFT is typically about 
one percent of the time needed to complete a simulation for the same system 
(Schuth et al., 2002). Although, DFT is difficult to apply for more realistic 
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disordered pore structures, it has computational advantage over molecular 
simulation for simple fluids and pore shapes like slits, spheres, or cylinders. 
3.8 Flash elemental analyser 
Elemental Analysis (EA) is a process that analyses the elemental (H, C, N, O) 
composition of a chemical compound. It examines the weight percent of each 
element in the compound to determine the compound’s composition. The 
elemental analysis of this research work was conducted using the Flash 
Elemental Analyser (Flash EA 1112 series) with MAS 200 R autosampler, 
controlled by Eager Xperience, and manufactured by Thermo Electro 
Corporation.  
Experimental procedure  
About 3 mg of sample is wrapped inside a tin capsule and introduced into the 
combustion reactor via the MAS 200 Autosampler together with a proper 
amount of oxygen. After combustion, the reaction gas products are carried by 
a helium flow to a layer filled with copper. It is then swept through a GC 
column that provides the separation of the combustion gases and finally 
detected by a thermal conductivity detector.  
Samples were prepared and analysed in triplicate to check reproducibility of 
results. Total run time is less than 8 minutes. A complete CHNO report is 
automatically generated by the Eager 300 dedicated software and displayed at 
the end of the analytical cycle.  
Hydrogen correction was carried out by using data obtained from the 
proximate analysis of the samples. The method parameters are as detailed 
below:  
Temperatures: Furnace 900 oC, Oven 65 oC 
Gases: Helium 250 kPa, Oxygen 300 kPa 
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Carrier 140 mL min.1, Reference 100 mL min.1, Oxygen 250 mL min.1 
Timing: Sampling delay 12 seconds, Oxygen injection end 8 seconds 
Separation: Multi.separation column PTFE, 2m x 5mm 
Detection: Thermal conductivity detector.  
3.9 Thermogravimetric analyser 
Thermogravimetric Analyzer (TGA) Q.500 manufactured by TA Instruments 
(Error! Reference source not found.) was used for the proximate analysis, 
thermal stability, and CO2 uptake capacity of adsorbents at ambient pressure. 
The TA Q500 TGA is equipped with a Hi.ResTM option to complement the 
standard mode for conducting TGA experiments. The TGA measures the 
weight change in a material, either as a function of increasing temperature, or 
isothermally as a function of time, in a controlled atmosphere. The TGA Q.500 
operates in the temperature range from ambient to 1000 oC, and has an 
isothermal temperature accuracy of ±1 oC and isothermal temperature 
precision of ±0.1 οC. It has a weighing capacity of 1.0g, a sensitivity of 0.1 ag 
and a precision of ±0.01 %.  
 
3.9.1TGA experimental procedures 
)	*


'
Proximate analysis was conducted on materials to determine the amount of 
moisture, volatiles, fixed carbon and ash present in it. To determine this, 
about 10 mg of sample was placed in a platinum specimen pan and heated to 
110 oC at the rate of 20 oC min.1 under nitrogen atmosphere. It was held 
isothermal for 15 minutes to remove moisture from the samples. The system’s 
temperature was raised to 900 oC at the rate of 10 oC min.1, and left 
isothermal for 20 minutes. The gas was automatically changed to air at the 
78 
 
end of the 20 minutes. The system was left isothermal for another 20 minutes 
for complete sample burn out to occur. After this, the system was then cooled 
to 100 oC at the rate of 50 oC min.1. The proximate results (moisture, volatiles, 
fixed carbons, and ash contents) were obtained by calculating the 
corresponding weight changes between each successive isothermal condition 
at the end of the experiment. 

+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The sample was dried as specified above. After this, the sample was cooled to 
25 oC at the rate of 15 oC min.1, and allowed to equilibrate. Gas was 
automatically changed to CO2 and the system was left isothermal for another 
30 minutes for CO2 uptake to occur. Adsorption tests for selected adsorbents 
were also performed at 40, 60, and 80 oC to compare uptake at the different 
temperatures. Results obtained were automatically logged by the computer, 
and from these, the CO2 uptake capacity was calculated. 
&	
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Samples were dried as described above, and CO2 uptake undertaken as 
specified above. After adsorption had taken place, the system’s temperature 
was ramped to 250 oC at the rate of 5 oC min.1, still under CO2 atmosphere. 
After this, the system was cooled to 50 oC at a ramp rate of 50 oC min.1. 
Results obtained (weight increase or decrease) were logged automatically by 
the computer. 
3.10 Adsorption kinetic models 
It is important to understand the rate or kinetics of adsorption which can be 
very useful for adsorber design and operation. To describe the adsorption 
processes of adsorbents in this research quantitatively, and identify the 
adsorption mechanism, the pseudo.first order and pseudo.second order 
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adsorption kinetic models have been used. It is a common approach to fit 
experimental data with a series of popular models and find the most suitable 
one which provides the best fit. Ho and McKay, (1999) and Khezami et al., 
(2005) have used this models to study the adsorption kinetics of Congo red 
and chromium (VI) respectively on activated carbon. Reviews on models for 
adsorption kinetics are available elsewhere (Ho, 2004; Ho, 2006; Plazinski et 
al., 2009).  
3.10.1 Pseudo0first0order 
Lagergren’s first order equation (Yuh.Shan, 2004) is the earliest model to 
describe the kinetic of an adsorption process based on adsorption capacity. It 
is summarized as follows: 
IJKI = L=(JM − JK)……… (3.11) 
where JM and JK  (mmol g.1) are the adsorption capacities at equilibrium and 
time t (s), respectively. Furthermore, L= (s.1) is the rate constant of pseudo.
first.order adsorption. After integration with its initial condition of  JK = 0 at  = 0, the integrated form of Equation (3.11) becomes: 
ln D JMJM − JKE =L= ……… . . (3.12) 
which can be rearranged to  
JK = JM(1 − O<PQK)…………(3.13) 
3.10.2 Pseudo0second0order 
The pseudo.second.order adsorption kinetic model is expressed as (Ho and 
McKay, (1999): 
IJKI = L(JM − JK)………(3.14) 
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where JM and JK (mmol g.1) have the same definitions as that in the pseudo.
first.order model. In addition, L (mmol g.1 s.1) is the rate constant of pseudo.
second.order adsorption. With its initial condition of JK = 0 at  = 0, the 
integrated form of Equation (3.14) becomes: 
1JM − JK = 1JM + L ……… . (3.15) 
which can be rearranged to  
JK = 1LJM + JM ……… . (3.16) 
 
3.10.3 Correlation coefficients and error function 
The conformity between the experimental data and the model simulated 
values were expressed by the square of the adjusted correlation coefficients 
R2, (Equation 3.17) and error function Err, (Equation 3.18).  
F = 1 − U∑ WJX,MZ − JX,[X5\5X]=∑ WJX,MZ − JMZ^^ ^^ ^^ \5X]= _ . D` − 1` − 8E…………(3.17) 
bcc = dD 1` − 8E .eWJX,MZ − JX,[X5\:X]= ……… . (3.18) 
where JX,MZ is the experimental data of CO2 adsorbed, JX,[X5 is the value 
simulated by the models, JMZ^^ ^^ ^^  is the average of experimental data. 
Furthermore, m is the number of experimental data, and p is the number of 
parameters of the model. High R2 value, close to 1, and low error function 
indicate that the model can successfully describe the kinetics of the adsorption 
process. 
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3.11 Error analysis 
It is crucial to understand that all measurements of physical quantities are 
subject to error or uncertainties.  In order to draw valid conclusions, the error 
must be indicated and dealt with properly. As such, all the measurements 
undertaken in this research was repeated at least five times to ascertain 
reproducibility and to calculate the error associated with each measurement. 
Standard error was used in calculating the errors associated with the 
measurements in this thesis. Standard error is given as  
[√: ………… (3.19) 
Where s is sample standard deviation given as 
h = i∑ (+ − +̅): − 1 ……… . (3.20)	 
and n is the size (number of the observations) of the sample.  
3.12 The high pressure volumetric 
analyser (HPVA) 
The High Pressure Volumetric Analyser (HPVA) from Particulate Systems was 
used for volumetric analysis in this thesis. It is designed to obtain high.
pressure adsorption isotherms using gases such as hydrogen, methane, and 
carbon dioxide employing the static volumetric method. The volumetric 
technique consists of introducing (dosing) a known amount of gas (adsorbate) 
into the chamber containing the sample to be analysed. When the sample 
reaches equilibrium with the adsorbate gas, the final equilibrium pressure is 
recorded. This process is repeated at given pressure intervals until the 
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maximum pre.selected pressure is reached. Each of the resulting equilibrium 
points (volume adsorbed and equilibrium pressure) is then plotted to provide 
an isotherm. Also, these data are then used to calculate the quantity of gas 
adsorbed by the sample. The amount of gas adsorbed by the sample is 
calculated by referencing the “REFPROP” included in the system’s software 
(calculations in the REFPROP is based on formulae presented in Section 
3.12.3. 
Excellent reproducibility and accuracy are obtained by using separate 
transducers for dosing the sample and for monitoring the pressure in the 
sample chamber.  
The adsorption equilibrium state was considered to occur when the respective 
temperature and pressure of the cells were constant. During the adsorption, 
the adsorption cell is enclosed in a water bath and the temperature maintained 
constant within 0.01 oC by the refrigerating circulator (Julabo FC31 circulating 
water bath).  
The pre.measurement procedures for the HPVA are presented in the following 
subsections. 
3.12.1 Free space analysis  
The HPVA system is designed such that it performs free space analysis (FSA) 
each time a fresh analysis is done. FSA on the HPVA was achieved using 
helium gas. Helium is dosed into the cell containing the sample. At equilibrium 
manifold temperature and pressure, the free space around the sample are 
measured and recorded. Using the ideal gas equation, the free space is 
calculated. At the end of any analysis, the HPVA system accounts for the free 
space while calculating the volume of CO2 adsorbed by materials. 
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3.12.2 Pre0measurement procedure 
 /
+

'
Blank analysis was conducted using CO2 gas. An empty sample cell was 
inserted in the water bath and firmly fastened to the analysis arm of the 
HPVA. A known volume of water was poured into the water bath to keep the 
sample cell at room temperature. Before dosing the system with CO2, the 
manifold pressure and temperature are automatically recorded. As CO2 is 
dosed into the sample cell, the equilibrium pressure and temperature reading 
at the manifold are also automatically recorded. The ideal gas equation (Gi.
moon et al., 2005) is employed to automatically calculate the blank volume. 
The equipment was allowed to run at 25 and 40 oC so as to get the blank 
volumes for both temperatures. All operations were automatic. Results 
obtained (blank volume) from this analysis were used to compute accurate 
CO2 adsorption measurements. This was achieved by manually subtracting the 
blank volume from the volume of CO2 measured by the system at the end of 
each experiment. 
 

%
About 1.2 g of sample is placed in a thoroughly cleaned steel sample cell. A 
gasket made of stainless steel is placed on the cell top to prevent materials 
from being sucked into the HPVA system.  The sample cell is then attached to 
the degas/analysis port of the HPVA as the case may be. 
 -%
		
After sample loading operation, the sample cell was inserted into a furnace 
and attached to the degas limb of the HPVA. The furnace was set to heat up to 
120 oC. The equipment was left to run overnight for complete degas. Complete 
degas is obtained when the vacuum gauge reads below 12 milli Torr. 
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The apparatus was maintained at vacuum following the degas process. The 
cell containing the degased sample was then attached to the analysis port of 
the HPVA. The temperature controlled water bath was placed in position and 
cold water was emptied into it until the cell was completely immersed in the 
water. The circulating water bath was operated at 25 oC or 40 oC depending on 
desired operating temperature, to ensure uniform temperature within the 
sample cell throughout the experiment. 
As the experiment starts, the system automatically records the equilibrium 
temperature, pressure and other parameters relating to the experiment. The 
experiment was left to run until all data resulting from the analysis is collated 
by the computer. The total time taken to analyse a particular sample depends 
on the sample’s porosity. 
3.12.3 The HPVA experimental procedure 
The HPVA Series 100 (HPVA.100) analysers capable of achieving pressures up 
to 100 bar was used for this study. Diagram of the HPVA and its associated 
equipment is presented in Appendix 5. It has pressure reading accuracy of 
±0.04% full scale with a stability of ±0.1%. The operating procedure to 
determine an adsorption isotherm is to admit CO2 into the system’s manifold, 
to measure its equilibrium temperature and pressure. CO2 adsorption capacity 
is measured by expanding the CO2 into the adsorption cell, and finally, record 
the equilibrium temperature and pressure.  
Before all operations, the adsorbent was degassed to eliminate trace 
impurities. After degas operation, pure CO2 gas was introduced into the 
loading cell, and its pressure and temperature were automatically measured 
when the cell stabilized. Then the valve between the loading and sample cells 
was opened, allowing the gas to contact the adsorbent. The pressure and 
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temperature were measured after equilibrium was achieved, and the number 
of moles of CO2 remaining in the two cells was calculated by the computer.  
Calculations were made to correct for compressibility of CO2 in the system. 
The HPVA system references a “REFPROP” at every step of the analysis to 
obtain and correct for CO2 compressibility. The compressibility factors found in 
REFPROP were based on the mixture of the gas at each step and the 
temperature/pressure data. The following calculations were used to calculate 
the volume of CO2 dosed in the system and the volume adsorbed after 
analysis. 
 
Calculations for volume dosed: 
kl = 	 mn (B5l − B50)(`	
I	op`O)(83.14472)(G5l + 273.15)(`8cO	7		/	
c	ql)r (22414)s……… . (3.21) 
 
kt = 	 mn (B5t − B50)(`	
I	op`O)(83.14472)(G5t + 273.15)(`8cO	7		/	
c	qt)r (22414)s……… . (3.22) 
 kp`O	IOI	 = kl − kt = G	kp`O	IOI ……… . (3.23) 
 
Calculations for volume adsorbed: 
 
k[ulI = 	 mn (/		
cOO	8O)(B[ − B[0)(83.14472)(G5[ + 273.15)(`8cO	7		/	
cqv)r (22414)s……… . (3.24) 
 
kwulI = 
	mn (B[ − B[0)(`7	O	
cOO	8O − 7 − /		
cOO	8O)(83.14472)(`7	O	O`8OcpcO + 273.15)(`8cO	7		/	
c	q+)r (22414)s……… . (3.25) 
 
86 
 
kxulI = 	 mn (B[ − B[0)(7)(83.14472)(G5t + 273.15)(q+p)r (22414)s……….		(3.26) 
 
k	ulI = kw 	ulI + kx	ulI + k[ 	ulI ……… . (3.27) 
 
k	lI	 = G	op`O	IOI − k	ulI ……… . (3.28) 
 
k	lI	<= = k	lI`8O	'O	ℎ ……… . (3.29) 
 
 
'% =	n(k	lI	<=)(4401)(100)22414 r……… . (3.30)	 
 
k	lI = '% − k	ulI ……… . (3.31) 
Explanation to the different abbreviations used in Equations 3.21.3.30 are 
presented in Table 3.3. 
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Table 3.3. abbreviations and interpretation of symbols used in Equations 3.21.
3.30. 
B5  Manifold target pressure for dosing (bar) B5l  Pressure of manifold before dosing (bar) G5l  Temperature of manifold before dosing (oC) 
ZA Compressibility of Adsorbate at B5l and G5l 
Vol A Volume of adsorbate in manifold before dosing (cm3) B5t  Pressure of manifold after dosing (bar) G5t  Temperature of manifold after dosing (oC) 
ZB  Compressibility of adsorbate at B5t and G5t 
Vol B   Volume of adsorbate in manifold after dosing (cm3) 
Vol Dosed Volume of adsorbate dosed to sample this step (cm3) 
Total Dosed   Total volume of adsorbate dosed to sample (cm3) 
Ps  Pressure of sample after dosing (bar) 
Ts  Temperature of sample after dosing (oC) 
ZS Compressibility of adsorbate at Ps and Ts 
Vs NAds Volume of adsorbate in sample cylinder after dosing 
Zxl Compressibility of adsorbate at Ps and TmA 
Vxl Volume of adsorbate in lower stem after dosing (cm3) 
Zxu Compressibility of adsorbate at Ps and TmB 
Vxu Volume of adsorbate in upper stem after dosing (cm3) 
Vol NAds  Total volume of adsorbate below valve 1 after dosing 
(cm3) 
Vol Ads Volume adsorbed by sample (cm3) 
Vol Ads/g Volume adsorbed by sample/sample mass (cm3) 
wt% Percentage of sample weight that is adsorbate (wt%) 
Comp Fact ZA  is based on B5l and G5l 
Comp Fact ZB  is based on B5t and G5t 
Comp Fact ZS  is based on Ps and Ts 
Comp Fact ZXL  is based on Ps and ambient temperature 
Comp Fact ZXU  is based on Ps and  G5t 
Critical pressure 73.80 (bar) 
Critical temperature 304.10 (K) 
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Ambient free Space 15.983039 
Analysis free Space 1.000000 
Manifold volume 24.422899 (cm3) 
Experiment temperature  25 oC 
Ambient temperature 25 oC 
Tm0 35.159917 ºC 
Ts0 24.8325253 ºC 
Pm0 0.0009202 bar 
Ps0 0.00022444 bar 
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CHAPTER FOUR 
4Phenolic Resin Activated 
Carbons for CO2 Capture in 
Gasification 
4.0 Introduction 
In this chapter, the characterisation and CO2 capture capacity of phenolic resin 
derived activated carbons produced by MAST Carbon Ltd. UK have been 
reported. The aim of this chapter is to evaluate the CO2 uptake capability of 
the materials at atmospheric and high pressure conditions, up to 4.0 MPa. The 
effect of textural characteristic on CO2 adsorption will be discussed, and the 
adsorbent with the highest CO2 uptake will be identified. Full synthesis 
information can be found in patent (Kozynchenko et al., 2001). However, 
sample codes have been used for easy identification.  Codes E1, TE3, and TE9 
indicate the level of pore formers; 11, 16, and 20 represent the level of 
hexamine cross linking agent used, and 22C, 38C, 49C, 00C, 40C, and 30C 
represent the level of activation in carbon dioxide. For example,  E1/11.22C 
represent a phenolic resin activated carbon with E1 pore former, 11 hexamine 
cross linking agent and 22% burn.off degree.  For simplicity, abbreviations 
have been used to represent the different materials as seen in Table 4.1 
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4.1 Elemental analysis and pore structure 
characterisation of carbons 
The textural properties of the carbons are presented in Table 4.1, while the 
chemical properties are shown in Table 4.2. Surface area of the materials was 
observed to be greater than 1000 m2 g.1. The N2 adsorption isotherms of MC1, 
MC2, and MC3 which are presented in Figure 4.1 and that of MC11 presented 
in Figure 4.4 are Type I according to the BDDT classification (Goyal, 2005), 
showing that they are mainly microporous materials. However, the MC4, MC5 
and MC6 (Figure 4.2) and MC10 (Figure 4.4)  show a Type IV adsorption 
isotherm and a hysteresis loop at relative pressures above 0.7, which is in 
agreement with a well.developed mesoporosity also assessed by non.linear 
density functional theory (NLDFT) analysis. The rise in the adsorption 
isotherms of MC7, MC8, and MC9 (Figure 4.3) at high partial pressures (above 
0.9) indicates the presence of porosity in the macropore range. Practically, no 
mesoporosity has been developed in these samples. The shape of the 
adsorption isotherms at low partial pressures also indicates the presence of 
micropores. Amount of nitrogen adsorbed can be seen to be function of the 
material’s surface area and total pore volume. The maximum nitrogen 
adsorption volume of each carbon correlates to the total pore volume present 
in the material. This is observed in the different carbons as shown in Table 4.1 
and Figure 4.1, Figure 4.2, Figure 4.3, and Figure 4.4. MC6 having highest 
total pore volume (1.21 cm3g.1) showed the highest nitrogen adsorption 
volume of about 730 cm3g.1.  Similarly, increasing carbon surface area 
translated to increased nitrogen adsorption on the carbons. MC6 has the 
highest surface area and recorded the highest nitrogen adsorption value. 
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Table 4.1 pore structutre properties of activated phenolic resin carbons measured at .196 oC. 
Sample name N2 adsorption @ .196 
oC  
Abbreviation  SBET 
 (m
2 g.1) 
Wo  
(cm3 g.1) 
 VMeso  
(cm3g.1)  
Vp 
(cm3 g.1) 
Wo/Vp Vmeso/Vp ρHe 
(g cm.3) 
E1/11.22C MC1 851 0.35 0.01 0.35 0.98 0.04 2.01 
E1/11.38C MC2 1247 0.33 0.03 0.54 0.61 0.05 2.09 
E1/11.49C MC3 1440 0.33 0.04 0.63 0.52 0.12 2.10 
TE3/20.00C MC4 730 0.29 0.24 0.61 0.47 0.39 1.85 
TE3/20.22C MC5 1112 0.35 0.31 0.82 0.43 0.37 2.07 
TE3/20.40C MC6 1722 0.33 0.38 1.21 0.27 0.79 2.14 
TE9/16.00C MC7 640 0.28 0.09 0.48 0.58 0.18 1.93 
TE9/16.20C MC8 1055 0.35 0.11 0.71 0.50 0.15 2.13 
TE9/16.30C MC9 1377 0.32 0.28 0.96 0.34 0.29 2.16 
NH3 Treated beads MC10 1276 0.56 0.46 1.02 0.55 0.45 2.11 
Monolith MC11 1395 0.58 0.01 0.58 1.00 0.02 2.13 
SBET: surface area, Wo: micropore volume, VP: total pore volume, Vmeso: mesopore volume, ρHe: helium density. 
See Section 3.7 for information on how these parameters are calculated 
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Table 4.2 Ultimate analysis of the phenolic resin activated carbons. 
Sample N  
(wt.%) 
C  
(wt.%) 
H  
(wt.%) 
O* 
(wt.%) 
MC1 0.24 89 1.00 5.02 
MC2 0.29 88 0.45 6.92 
MC3 0.60 89 0.61 6.50 
MC4 0.75 88 0.89 7.11 
MC5 0.40 87 0.49 8.42 
MC6 0.36 89 0.22 7.95 
MC7 0.21 88 0.51 7.32 
MC8 0.17 90 0.24 3.86 
MC9 0.18 91 0.20 4.92 
MC10 0.23 92 0.42 7.04 
MC11 0.81 92 0.15 5.76 
*calculated by difference; dry ash free basis 
 
Figure 4.1. N2 Adsorption isotherm For  MC1, MC2 and MC3 measured at .196 
oC. 
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Figure 4.2. N2 Adsorption isotherm for MC4, MC5 and MC6 measured at .196 
oC. 
 
Figure 4.3. N2 adsorption isotherms for  MC7, MC8 and MC9 measured at .196 
oC. 
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Figure 4.4. N2 adsorption isotherms for  MC10 and MC11 measured at .196 
oC. 
 
4.2 CO2 Uptake Capacity at atmospheric 
pressure 
The CO2 uptake performance of the adsorbents was evaluated using a Q500 
TGA. This was conducted by measuring the mass uptake of the samples when 
exposed to 100% pure CO2 (Section 3.9.1). All the samples under study had 
their highest CO2 adsorption capacities at room temperature, with the increase 
in temperature leading to reduction in CO2 adsorption capacity, the typical 
performance for a physisorbent. For example, CO2 uptake of MC1 reduced 
from 2.85 mmol g.1 to 0.52 mmol g.1 when the temperature was increased 
from 25 to 50 oC. This is as expected due to the exothermic character of 
physisorption, which is the only mechanism available for CO2 capture on 
activated carbons (Drage et al., 2009; Martin et al., 2010). Among the 
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adsorbents, MC11 had the highest CO2 uptake of ca. 3.3 mmol g
.1 while MC4 
had the lowest CO2 adsorption capacity of approximately 2.4 mmol g
.1 (Table 
4.3). Higher than that (2.1 mmolg.1) reported in Gil et al., (2012). 
Table 4.3. CO2 uptake capacities of phenolic resin carbons at 25 
oC, 
atmospheric pressure and 100% CO2 concentration. 
Sample  
name 
CO2 uptake  
(mmol g.1) 
MC1 2.8 ± 0.02 
MC2 2.9 ± 0.06 
MC3 2.8 ± 0.12 
MC4 2.4 ± 0.05 
MC5 2.8 ± 0.11 
MC6 2.7 ± 0.20 
MC7 2.4 ± 0.10 
MC8 2.9 ± 0.10 
MC9 2.8 ± 0.11 
MC10 2.7 ± 0.03 
MC11 3.3 ± 0.60 
 
Samples were run at least three times to demonstrate that results obtained 
from the TGA were reproducible, and the errors are shown in Figure 4.5. MC2, 
MC7 and MC10 showed little or no deviation from their mean adsorption 
values, while the minimum deviation for MC6 is 0.0004 mmol g.1. Hence, an 
indication that all the adsorbents tested except the MC14 would give similar 
results under the same experimental conditions when required. Also, as the 
errors are so small, there is confidence in performance comparison of the 
different materials. The MC11 sample showed a slight difference in its 
performance with 0.72 mmol g.1 deviation from its mean adsorption value. 
This was further investigated by analysing five different sections of the sample 
96 
 
taken from different areas of MC11. Results showed that the amount of CO2 
adsorbed differ from one section to the other (Figure 4.5). This indicates that 
MC11 possesses non.uniform surface properties as a result of the synthesis 
process. 
 
Figure 4.5. CO2 adsorption capacity of the phenolic resin carbons at 25 
oC and 
atmospheric pressure. Error bars are calculated from multiple analysis of the 
materials. 
 
Table 4.4. Five different runs for MC11 showing different CO2 uptake at 25
oC. 
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4.2.1Effect of total pore volume, surface area and 
micropore volume on CO2 adsorption 
The pore volume and the surface area of an adsorbent may give an indication 
of the suitability of the material for CO2 capture. Since the molecular size of 
CO2 is 0.209 nm (Cazorla.Amoros and Linares.Solano, 1996a), only pores 
which are less than 1.0 nm have been reported to be effective for CO2 capture 
at atmospheric pressure (Cazorla.Amoros and Linares.Solano, 1996b). As 
shown in Table 4.3, the CO2 adsorption capacities range from 2.4 to 3.3 mmol 
g.1 for surface area ranging from 640 to 1734 m2g.1. The high micropore 
volume of the adsorbents may have contributed to the adsorption capacity, in 
that, the more microporous a material is, the more likely its voids are filled by 
CO2 (Martin et al., 2010; An et al., 2009; Drage et al., 2009; Guang.Ping et 
al., 2010; Martin et al., 2011a) (Figure 4.7). The trend of CO2 adsorption 
capacity increases with increasing surface area and micropore volume (Figure 
4.6 and Figure 4.7). The total pore volume of the samples did not play a major 
role in the adsorption (Figure 4.8).  This is expected as only the presence of 
micropores in carbons has been attributed to be the adsorption points for CO2 
(Martin et al., 2010). Also, no positive trend was observed for the plot 
between CO2 uptake capacity and total pore volume (Figure 4.8).  
98 
 
 
Figure 4.6. CO2 adsorption capacity in relation to BET surface area at ambient 
temperature and pressure. 
 
Figure 4.7. CO2 adsorption capacity in relation to micropore volume at ambient 
temperature and pressure.                     
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Figure 4.8. CO2 adsorption capacity in relation to total pore volume at ambient 
temperature and pressure.                                               
4.2.2CO2 Adsorption and temperature 
It is obvious from Figure 4.9 and Figure 4.10 that the amount of CO2 adsorbed 
by individual adsorbent material depends on the temperature as expected. As 
indicated in Figure 4.9, the highest adsorption occurred at room temperature. 
At higher temperatures, the adsorption capabilities of the carbons reduce 
progressively. These results give an indication that higher temperatures are 
not necessary for effective adsorption capabilities of the samples, although 
higher temperatures give a route for regeneration of adsorbents when TSA 
cycles is employed. This finding is in agreement with results obtained by 
Drage et al., (2009) when they developed activated carbon adsorbents for 
pre.combustion CO2 capture. 
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Figure 4.9. CO2 adsorption at 25, 50, 75, and 100 
oC determined by TG 
analysis. 
Although, individual adsorbent has different maximum adsorption capacities at 
25 oC, their trends are similar. Figure 4.10 shows the TPD profile of the 
adsorbents. It could be inferred that the adsorbents have similar surface 
chemistry, retaining less CO2 capacity at elevated temperature compared to 
other adsorbents. The CO2 interactions with the adsorbents surfaces are 
identical. Rates of CO2 adsorption decrease uniformly as the temperature 
increased (Figure 4.10).  For example, between 25 oC and about 30 oC, there 
was sharp drop in CO2 adsorption of approximately 0.3 mmol g
.1 oC.1, whereas, 
between about 36 and 40 oC, they showed approximately 0.2 mmol g.1 oC.1 
decrease in adsorption. All samples showed a steady 0.1 mmol g.1 oC.1 
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surface area of the samples and their possession of micropores volumes. As 
the temperature of the system is increased, the amount of CO2 adsorbed 
decreases steadily and tend to zero at 200 oC.  
 
Figure 4.10. Non.isothermal CO2 capture tests: heating rate of 0.25 
oC min.1 in 
98 mL min.1 of CO2 flow. 
 
4.3 CO2 uptake at high pressure 
This section presents the results of CO2 uptake measurements at high 
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were selected based on their textural properties and CO2 uptake performance 
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ambient pressure measurements where CO2 uptake was observed to be due to 
the contributions from only the micropore and surface area of the adsorbent, 
CO2 uptake at high pressure have been observed to be solely due to 
contribution of the total pore volume(Figure 4.11), and is independent of the 
micropore size (Martin et al., 2011). Adsorption trends shown in Figure 4.12 
and Figure 4.13 suggest that increase in surface area and micropore volume 
does not affect the amount of CO2 adsorbed by the adsorbents under high 
pressure measurement condition.  MC4 showed the highest CO2 uptake 
capacity at 4.1 MPa. This is about 5 times higher than the amount measured 
at ambient pressures (Figure 4.14).  All other adsorbents except MC1 and 
MC11 also showed about 5 times more CO2 uptake capacity at higher 
pressures than that recorded at high pressures. While the uptake capacity of 
MC1 doubled at ambient pressure, that of MC11 was tripled in comparison with 
performance at ambient pressure. 
 
Figure 4.11. Correlation of CO2 uptake capacity and total pore volume 
measured at 25 oC and 4.1MPa. 
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Figure 4.12. Correlation of CO2 uptake capacity and surface area measured at 
25 oC and 4.1MPa. 
 
Figure 4.13. Correlation of CO2 uptake capacity and micropore volume 
measured at 25 oC and 4.1MPa. 
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Figure 4.14. CO2 adsorption isotherm measured at 25 
oC and 4.1 MPa. 
4.4 Summary 
The CO2 uptake capacities of phenolic resin activated carbons have been 
evaluated at ambient and high pressure conditions. The micropore volume and 
surface area of adsorbents have been found to be responsible for amount of 
CO2 adsorbed at ambient pressures. However, at higher pressures, CO2 uptake 
capacity depends on the total pore volume and not on the size of the 
micropore. MC11 was seen to possess the highest CO2 uptake of 3.3 mmol g
.1 
at ambient conditions while, MC4 possessed the highest CO2 uptake 
(approximately 12.2 mmol g.1) at higher pressures. Increased temperature 
was observed to reduce the CO2 capacity of the adsorbents. 
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CHAPTER FIVE 
5Zeolite templated carbons  
 
5.1 Introduction 
In this chapter, a range of templated carbons have been synthesized using 
zeolites as template, acetylene chemical vapour deposition (CVD), with and 
without furfuryl alcohol as precursor. The principal aim of the materials 
development is to produce high pore volume and area surface adsorbents for 
CO2 capture at high pressure and application in gasification.  (See literature 
review in Section 2.5.2 for background on templates and Section 3.2 on 
carbon synthesis). This chapter reports the evaluation of CO2 uptake on 
templated carbons at ambient and high pressure conditions. The performance 
of the materials will be related to the syntheses variables, for example 
parameters like acetylene loading, presence of precursor and carbonisation 
temperatures. This study is unique in that it reports for the first time on the 
CO2 uptake of zeolite β templated carbons.  
5.2 Pore structure properties of the zeolite 
template  
Three zeolite types, β, γ and mordenite, with significantly different textural 
properties (Table 5.1) were used to investigate how their textural properties 
influence the structure of the templated carbons produced. Surface areas of 
the zeolites are reported and were found to differ significantly between the 
three types (Table 5.2).  The γ.type and the mordenite zeolites give a Type I 
adsorption isotherm (Figure 5.1) according to the BDDT classification (Goyal 
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and Bansal, 2005) indicating that majority of the pores are in the micropore 
range. Practically, no mesoporosity is present in these materials as indicated 
in the shape of the adsorption isotherms at low partial pressures. However, 
the β.type zeolite showed a type IV adsorption isotherm and a hysteresis loop 
at relative pressures above 0.4, which is in agreement with a well.developed 
mesoporosity assessed by NLDFT theory (Neimark, 1995). The unusual 
hysteresis loop observed between 0.6 and 0.8 relative pressures may be 
resulting from structural or channel defects in the β.type zeolite. 
 
Figure 5.1. Nitrogen adsorption isotherms for mordenite, β.type and γ.type 
zeolites measured at .196 oC. 
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Table 5.1. Properties zeolites used for this study. 
Zeolite type 
  
γ.type zeolite  β. type zeolite  
 
mordenite  
Cation type Na NH4 H 
SiO2/Al2O3 (mol mol
.1) 5.5 27 200 
Na2O (wt%) 12.5 <0.05 <0.05 
Crystal size (µm) 0.2.0.4 0.02.0.04 0.1x0.5 
Mean particle size (µm) 7.10 3.6 5.7 
 
Table 5.2 Porosity characterisation of zeolites used for this study. 
Sample name 
 
N2 adsorption @ .196 
oC 
ρHe 
(g cm.3) 
SBET  
(m2 g.1) 
E0  
(kJmol.1) 
Wo  
(cm3 g.1) 
Vp  
(cm3g.1) 
Vmeso  
(cm3 g.1) 
Vmeso/Wo 
 
Wo /Vp 
 
γ.type zeolite 897 41.91 0.33 0.36 0.04 0.12 0.92 2.16 
β. type zeolite 252 19.23 0.06 0.22 0.22 3.67 0.27 2.04 
mordenite 836 29.09 0.32 0.33 0.09 0.28 0.97 2.25 
SBET: surface area, E0: characteristic energy, Wo: micropore volume, VP: total pore volume, Vmeso: mesopore 
volume, ρHe: helium density 
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5.3 Effects of template and different 
synthetic conditions on the textural 
properties of adsorbents 
 
The textural characteristics of the templated adsorbents were observed to be 
controlled by the textural properties of the zeolite as well as the synthesis 
conditions. Textural and chemical properties of the synthesized carbons are 
presented in Table 5.3 and Table 5.4, with nitrogen adsorption isotherms of 
synthesized adsorbents presented in Figure 5.2, Figure 5.3 and Figure 5.4. 
The textural properties of the zeolite templates are seen to control the textural 
properties of the carbons (Figure 5.2, Figure 5.3, Figure 5.4, and Table 5.3).  
A wide range of BET surface areas and micropore volume (Wo) were 
determined to be dependent on the different synthesis conditions (Table 5.3). 
There is a clear trend of the β.type zeolite producing consistently high surface 
area carbons (1343 to 1841 m2 g.1), whilst those from the γ.type are more 
variable (404 to 2404 m2 g.1) and on the whole lower.  
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Table 5.3 Porosity characterisation of the templated carbons 
Sample name 
N2 adsorption @ .196 
oC 
ρHe 
(g cm.3) 
 
SBET  
(m2 g.1) 
E0  
(kJmol.1) 
Wo  
(cm3 g.1) 
Vp  
(cm3g.1) 
Vmeso  
(cm3 g.1) 
Vmeso/ 
Wo 
 
Wo /Vp 
 
γ.AC6.2% 587 13.96 0.25 0.39 0.17 0.68 0.64 1.82 
γ.AC6.5% 671 18.14 0.25 0.49 0.15 0.21 1.66 2.49 
γ.AC7.2% 1207 14.62 0.50 0.74 0.19 0.38 0.75 1.89 
γ.AC7.5% 1128 15.85 0.45 0.59 0.20 0.41 0.83 1.91 
γ.PFA.AC6.2% 604 12.91 0.25 0.52 0.22 0.88 0.56 1.83 
γ.PFA.AC6.5% 746 13.99 0.32 0.56 0.22 0.69 0.70 2.32 
γ.PFA.AC6+AC7.5% 1099 14.04 0.46 0.77 0.27 0.59 0.69 1.76 
γ.PFA.AC6+AC7.2% 404 13.84 0.17 0.33 0.14 0.82 0.52 2.25 
γ.PFA.AC7.5% 2404 13.84 1.00 1.44 0.38 0.38 0.94 2.26 
β.AC6.2% 1839 20.78 0.75 1.03 0.25 0.31 1.02 1.68 
β.AC6.5% 1839 21.98 0.74 1.02 0.21 0.29 1.12 2.06 
β.AC7.2% 1591 21.65 0.64 1.76 0.32 0.34 0.84 1.65 
β.AC7.5% 1384 22.65 0.56 0.74 0.15 0.31 0.87 2.51 
β.PFA.AC6.5% 1841 22.76 0.75 1.02 0.25 0.33 0.94 1.53 
β.PFA.AC6+AC7.5% 1645 23.54 0.65 0.89 0.20 0.31 0.89 2.39 
β.PFA.AC7.5% 1343 22.65 0.53 0.74 0.17 0.32 0.83 2.58 
M.AC6.2% 147 18.91 0.06 0. 14 0.10 1.00 0.50 1.84 
M.AC6.5% 66 15.84 0.02 0.11 0.06 3.00 0.40 1.91 
M.AC7.2% 223 15.50 0.09 0.21 0.10 1.11 0.75 1.88 
M.AC7.5% 262 12.04 0.06 0.45 0.33 5.50 0.32 1.73 
M.PFA.AC7.5% 480 13.40 0.11 0.92 0.67 7.29 0.23 2.00 
SBET: surface area, E0: characteristic energy, Wo: micropore volume, VP: total pore volume, Vmeso: mesopore 
volume, ρHe: helium density  
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Table 5.4 Results of ultimate analysis of templated carbons calculated by dry 
ash free basis 
Samples  
 
 
*Carbon 
yield 
(%) 
C 
(Wt.%) 
 
H 
(Wt.%) 
 
N 
(Wt.%) 
 
O 
(Wt.%) 
 
γ.AC6.2% 28 92.7 2.4 0.1 4.7 
γ.AC6.5% 25 93.1 2.4 0.1 4.4 
γ.AC7.2% 29 91.5 2.4 0.1 6.0 
γ.AC7.5% 29 91.9 2.3 0.1 3.7 
γ.PFA.AC6.2% 29 93.7 2.6 0.1 3.6 
γ.PFA.AC6.5% 30 95.6 2.4 0.1 1.9 
γ.PFA.AC6+AC7.5% 30 94.8 2.3 0.1 2.8 
γ.PFA.AC6+AC7.2%+ 44 75.6 2.0 0.1 22.0 
γ.PFA.AC7.5% 30 93.4 1.9 0.2 4.5 
β.AC6.2% 56 90.9 2.1 0.2 6.8 
β.AC6.5% 59 89.2 2.0 0.2 8.6 
β.AC7.2% 59 92.3 1.6 0.1 6.0 
β.AC7.5% 57 94.8 1.6 0.1 3.5 
β.PFA.AC6.5% 62 93.2 2.0 0.3 4.5 
β.PFA.AC6+AC7.5% 60 93.7 1.7 0.3 4.3 
β.PFA.AC7.5% 62 93.7 1.4 0.3 4.6 
M.AC6.2% 13 91.4 2.5 0.3 5.8 
M.AC6.5% 13 91.9 2.6 0.3 5.2 
M.AC7.2% 13 93.9 2.1 0.2 3.8 
M.AC7.5% 16 90.8 1.9 0.2 7.1 
M.PFA.AC7.5% 25 91.0 1.4 0.2 7.4 
+ Increased oxygen content may be due to incomplete zeolite removal or 
incomplete carbonisation of zeolite 
 
The surface area (SBET) and micropore volumes (Wo) of the γ.type templated 
carbons show similar results to similar templated carbons reported by Su et 
al., (2004), Sevilla and Fuertes, (2012), Ma et al., (2002), and Barata.
Rodrigues et al., (2003). Surface area is lowest for the mordenite template 
carbons (66.480 m2 g.1). Pore size distribution is also influenced by the zeolite 
template and can been seen from differences in the nitrogen adsorption 
isotherms (Figure 5.2, Figure 5.3, and Figure 5.4). A Type I isotherm is 
observed for carbons derived from γ.type and β.type zeolites, with some 
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hysteresis noted for some carbons, especially those derived from the γ.type 
zeolite suggesting the presence of some mesoporosity (Figure 5.3). NDFT 
analysis indicates that predominantly the pores of the γ.type templated 
adsorbents are distributed in the 2 and 5 nm range (Figure 5.6). This finding is 
in agreement with carbons from templated ammonium form of zeolite (Su et 
al., 2004) where similar SBET and Wo have been reported for γ.type templated 
carbons carbonised at 600 and 700 oC.  The β.type zeolite derived activated 
carbons are predominantly microporous with a high characteristic energy (E0) 
above 20 kJ mol.1 (Table 5.3), and majority of their pores predicted to be 
below 2 nm by the NDFT analysis (Figure 5.5). Carbons derived from 
mordenite have significantly lower surface area and are characterised by a 
type IV nitrogen adsorption isotherm, the broad hysteresis (Figure 5.4) 
indicating the presence of mesoporosity, with a wide pore distribution in the 2 
and 5 nm range and above.  
 
Figure 5.2. Nitrogen adsorption isotherms for β.type zeolite templated carbons 
measured at .196 oC. 
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Figure 5.3. Nitrogen adsorption isotherms for γ.type zeolite templated carbons 
measured at .196 oC. 
 
 
Figure 5.4. Nitrogen adsorption isotherms for mordenite templated carbons 
measured at .196 oC. 
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Figure 5.5. NLDFT pore size distribution for zeolite β templated carbons 
measured at .196 oC. 
 
 
Figure 5.6. NLDFT pore size distribution for zeolite γ templated carbons 
measured at .196 oC. 
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Figure 5.7. NLDFT pore size distribution for mordenite templated carbons 
measured at .196 oC. 
The zeolite templates also influenced the yield of carbons from the different 
synthetic routes (Table 5.4). Whilst variable, higher carbon yields were 
obtained from the γ.type (30.45%) and β.type (50.60%) zeolites compared 
to the mordenite template (15.25%). The low carbon yield from the mordenite 
template is attributed to the textural properties of the template which 
determines if a stable three dimensional carbon material can be formed.   It 
has been previously reported that the presence of unfilled channels in the 
carbon/zeolite composite can lead to a collapse of regular network structure, 
when the composite is subjected to HF acid wash (Kyotani, 2006; Su et al., 
2004), which through SEM and XRD analysis tests has determined the carbon 
yields to be dependent on the interconnectivity of the zeolite pore structure 
(Kyotani, 2003). β.type zeolites are reported (Kyotani, 2003) to have two 
types of channels of different sizes, with the larger channels intercrossing in 
two dimensions allowing the resultant carbons to retain this two or three.
dimensional regularity and a stable structure. The β–type derived carbon has 
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more carbon yield than the γ–type derived carbon because in the former, the 
whole three.dimensional regularity may have been preserved, while the latter 
kept only the two.dimensional regularity of the structure. The mordenite on 
the other hand showed smaller carbon yield and may be due to partly filled 
channels resulting from very narrow channels. This one.dimensional structure 
possesses three channels, of which only the largest channel could be partially 
filled while the other two remained difficult to fill as a result of very narrow 
channel size. This has impacted negatively on carbon formation during 
carbonisation.  
The addition and polymerisation of polyfurfuryl alcohol into the zeolite 
template prior to CVD has previously been reported to increase the SBET of 
synthesized zeolite templated carbons (Ma et al., 2002; Barata.Rodrigues et 
al., 2002). The influence of furfuryl alcohol (FA) addition in this study was 
determined to depend on the zeolite template.  A systematic increase in the 
BET surface area for the γ.type templated carbons was observed, being most 
pronounced for γ.PFA.AC7.5% and was double that of γ.AC7.5% (Table 5.3). 
Total pore volume and mesopore volumes increased for the γ.type templated 
carbons whilst the increase in micropore volume (W0) was modest except for 
γ.PFA.AC7.5% for which the value doubled from 0.45 cm3 g.1 to 1.00 cm3 g.1.  
The PFA synthesis route also increased the surface area and pore volume (Wo, 
Vp, Vmeso) of the mordenite produced carbon, and significantly increased the 
carbon yield (Table 5.4). On the contrary, the PFA synthetic route resulted in 
no significant change in the surface area or the total., micro. and mesopore 
volumes for the β.type zeolite templated carbons (Table 5.3).  These results 
indicate that the addition of PFA results in greater textural development in 
carbon materials synthesized from predominantly microporous zeolite 
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templates (γ and mordenite), whilst being of no benefit when used for the 
predominantly mesoporous β–type zeolites. This finding is in contrast with 
previous findings (Barata.Rodrigues et al., 2002; Kyotani, 2003) which 
reported that mesopores provide spaces for FA infiltration which increases the 
surface area, micro.and mesopore volumes of the material available for 
carbonisation. 
In agreement with previous work (Su, 2004; Ma et al., 2002; Kyotani, 2003; 
Kyotani, 2006), increasing activation temperature from 600 to 700 oC results 
in the development of carbons with increased SBET for the mordenite and γ.
type templated carbons. In the case of the γ.type templated carbons, the 
increase in activation temperature doubled the SBET and micropore volume in 
all cases. Whereas about 18% increase in SBET was recorded for the mordenite 
templated carbons under the same condition.  This finding is in agreement 
with report by Su et al., (2004)   when they synthesized and characterised 
microporous carbons using templated ammonium.form zeolite γ. The influence 
of activation temperature is observed to be dependent on the template type, 
with an increase in activation temperature reducing the SBET for the β.type 
templated carbons.  The effects of the acetylene loading on the templated 
carbons differ from one template to the other. While it has little or no effect on 
the SBET of β.type templated carbons, approximately 14% increase in SBET was 
recorded for the γ.type templated carbons. For example, the γ.AC6.2% with 
2% acetylene has SBET of 587 m
2 g.1. This value increased to 671 m2 g.1 when 
the acetylene loading was increased to 5%. For the mordenite templated 
carbons acetylene loading positively influenced carbon synthesized at 700 oC 
than those obtained at 600 oC. Results from ultimate analysis (Table 5.4) for 
the adsorbents showed that the acetylene loading used had little or no effect 
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on the carbon yields of some of the templated carbons (Table 5.4).  This effect 
has also been reported by Barata.Rodrigues et al., (2003) when they used 
propylene CVD as carbon precursor. It was found that propylene CVD did not 
significantly alter the amount of carbon in a β.type templated carbon, and was 
suggested to be a consequence of completely filled or blocked pores resulting 
from FA polymerisation.  
5.4 CO2 capacity measurements at 
atmospheric pressure 
Figure 5.8 and Figure 5.9 show the dependence of adsorption capacity of 
studied adsorbents on the SBET and micropore volume respectively at 25 
oC.  A 
good correlation was seen to exist between the CO2 uptake and surface area 
(Figure 5.8), and micropore volume (Figure 5.9). This explains the 
dependence of CO2 uptake capacity of these adsorbents on surface area and 
micropore volume at atmospheric pressures. In terms of the CO2 adsorption 
capacity, the templated carbons can be arranged in the following order 
modenite < γ.type < β.type templated carbons. It has been suggested by 
Patrick (1995) that the distribution of micropore size, as opposed to total pore 
volume, is key factor in gas adsorption at ambient temperature. The 
adsorbents with the largest volume of narrow micropore (β.type templated 
carbons) exhibited the highest CO2 uptake. This further emphasises the 
importance of size of micropore volume in determining the CO2 uptake of the 
adsorbents (Martin et al., 2011a).  In order to find out if the total CO2 uptake 
came from contributions of the micropores or mesopores, a plot of CO2 uptake 
against the ratio of micropore and total pore volume (Wo/Vp) and mesopore 
and total pore volume (Vmeso/Vp) was considered. Results showed that more of 
the CO2 uptake was as a result of contributions from micropore rather than the 
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mesopores, especially for the β–type and γ–type templated carbons. Figure 
5.10 reveals a more linear trend as compared to Figure 5.11. 
 
Figure 5.8. Effect of SBET on CO2 uptake of studied adsorbents at 25 
oC 
 
Figure 5.9 Effect of micropore volume on CO2 uptake of studied adsorbents at 
25 oC. 
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Figure 5.10 Contribution of micropores to CO2 uptake 
 
 
Figure 5.11 Contribution of mesopores to CO2 uptake 
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All the β.type templated carbons possess higher CO2 adsorption capacity at 25 
oC compared to the other templated materials in this study, with β.AC6.5% 
showing a 2.35 mmol g.1 CO2 uptake. Although, different synthesis methods 
were used for the production of carbons, this result has been found to be 
higher than the CO2 adsorption capacities reported in Plaza et al., (2010) and 
Prespiorski et al., (2002) when they studied CO2 uptake on ammoxidised 
carbons and phenolic resin based carbons. But lower than those reported for 
the phenolic resin carbons in Chapter 4 (see Table 4.3). 
For the γ.type templated carbons, the CO2 uptakes range from approximately 
0.8 to 1.8 mmolg.1, depending on the synthesis technique used (as shown in 
Table 5.5). The highest CO2 uptake in this series was observed in γ.PFA.AC7.
5% with micropore volume and SBET of 1.0 cm
3 g.1 and 2404 m2 g.1 
respectively. The mordenite templated carbons exhibited an exceptionally low 
CO2 adsorption, just slightly above 0.5 mmolg
.1 compared to the other 
adsorbents under investigation.  
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Table 5.5. CO2 Uptake of adsorbents measure at ambient pressure conditions. 
*Carbon yields after HF wash; Ratio was calculated as the ratio of 15% CO2 
uptake to 100% CO2 uptake.  
 
These results will obviously be linked to the adsorbents possessing very 
narrow micropore volume and SBET of between 0.02 and 0.11 cm
3 g.1 and 66 to 
480 m2 g.1 respectively. The least squares regression for all the plots on CO2 
adsorption in relation to SBET (Figure 5.8) and micropore volume (Figure 5.9) 
gave a value that is approximately equal to 0.8. This indicates a correlation in 
the adsorption figures recorded for these materials.  
Sample name 
 
 
*Carbon 
yield (%) 
15% CO2  
uptake 
(mmol g.1) 
100% CO2 
uptake 
(mmol g.1) 
Ratio  
(%) 
CO2  
uptake 
(mmol cm.3) 
γ.AC6.2% 28 0.38 1.08 35 1.97 
γ.AC6.5% 25 0.33 1.08 31 2.69 
γ.AC7.2% 29 0.49 1.78 28 3.36 
γ.AC7.5% 29 0.48 1.72 28 3.29 
γ.PFA.AC6.2% 29 0.25 0.81 31 1.48 
γ.PFA.AC6.5% 30 0.34 1.09 31 2.53 
γ.PFA.AC6+AC7.5% 30 0.36 1.14 32 2.01 
γ .PFA.AC6+AC7.2% 44 0.21 0.81 26 1.82 
γ.PFA.AC7.5% 30 0.46 1.82 25 4.11 
β.AC6.2% 56 0.32 2.17 15 3.65 
β.AC6.5% 59 0.47 2.35 20 4.84 
β.AC7.2% 59 0.44 2.12 21 3.50 
β.AC7.5% 57 0.44 1.87 24 4.69 
β.PFA.AC6.5% 62 0.45 2.12 21 3.24 
β.PFA.AC6+AC7.5% 60 0.48 2.15 22 5.14 
β.PFA.AC7.5% 62 0.38 1.87 20 4.83 
M.AC6.2% 13 0.17 0.54 32 0.99 
M.AC6.5% 13 0.17 0.48 35 0.92 
M.AC7.2% 13 0.24 0.52 46 0.98 
M.AC7.5% 16 0.22 0.57 39 1.09 
M.PFA.AC7.5% 25 0.19 0.58 33 1.16 
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Also, errors (Figure 5.12) associated with uptake capacity have shown that the 
β.AC6.5% templated carbons showed the lowest followed by the γ.PFA.AC7.
5% templated carbon and M.PFA.AC7.5% carbon.  
 
Figure 5.12. Errors associated with CO2 uptake of the different adsorbents at 
25 oC. 
When the CO2 uptake was calculated as a function of the measured particle 
density (amount of CO2 adsorbed per unit volume of adsorbent) (Table 5.5), it 
was observed that denser adsorbents adsorbed more CO2 on volumetric basis. 
Adsorbents with higher densities tend to have higher CO2 uptake capacities 
per volume than their less dense counterpart. For example, the γ.AC6.2% and 
the γ.AC6.5% have an uptake value of 1.08 mmol g.1 each. When particle 
densities were considered, the latter recorded approximately 39% increase in 
CO2 uptake capacity compared the former. Under this consideration, the β.
PFA.AC6+AC7.5% has the highest CO2 uptake capacity of 5.14 mmol cm
.3 
followed by β.AC6.5% and β.PFA.AC7.5% having capacities of 4.84 mmol cm.
3 and 4.83 mmol cm.3 respectively. This result was expected as it has been 
observed (see Section 5.3 and Table 5.5) that the β.type templated carbons 
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consist mainly of micropores while the γ.type and mordenite templated 
carbons consists mainly mesopores. So, the more mesoporous a carbon is, the 
less it weighs, and the lower its density. This also suggests that mesopores 
are not active to CO2. The volumetric capacities are an important consideration 
for application of these materials. As reported by Drage et al., (2009), the 
volumetric capacity of the materials will have a significant impact on the size 
of plant and can be as important as the overall mass based capacity 
performance. 
The partial pressure of a gas is the pressure a gas in a mixture would exert if 
it were the only gas present in a volume under consideration. If CO2 gas is put 
in a cylinder containing another gas like nitrogen, it would experience a 
reduced partial pressure due to the presence of the other gas. Gas streams in 
post.combustion contain NOx, SOx, CO2, and other trace gases, each having a 
partial pressure. As the number of gases increase in a system, the partial 
pressure of each gas reduces. In order to find out the effect of CO2 partial 
pressure on adsorbents, a test was carried out to evaluate the performance of 
these adsorbents in a binary mixture of nitrogen and CO2 in a ratio that 
simulates that of a flue gas stream from post.combustion. Results of 15% CO2 
in nitrogen are also presented in Table 5.5. The CO2 uptake recorded was 
lower than that obtained at 100% CO2 stream. This is expected as partial 
pressure of CO2 reduced in this mixture. However, about 20.35% adsorption 
was recorded in comparison to that adsorbed by these materials using 100% 
CO2 stream. This result suggests the application of these adsorbents in post.
combustion carbon capture where there is reduced CO2 partial pressure.  
CO2 uptake analysis was also performed at 40, 60 and 80 
oC for selected 
adsorbents; and Results obtained are presented in Table 5.6. As expected, the 
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CO2 uptake reduces as temperature increased from 25 
oC to 80 oC, because 
the materials are physisorbent (Drage et al., 2009). The highest CO2 uptake 
was recorded at 25 oC. This was expected as physisorption is the only 
mechanism for CO2 capture at room temperature (Zhang et al., 2010).   
 
Table 5.6. CO2 uptake for selected templated carbons at 25, 40, 60 and 80 
oC 
measured at atmospheric pressure. 
Samples  
 
25 oC 
(mmol g.1) 
40 oC 
(mmol g.1) 
60 oC 
(mmol g.1) 
80 oC 
(mmol g.1) 
γ.AC6.2% 1.12 0.68 0.41 0.25 
γ.AC6.5% 1.08 0.66 0.41 0.26 
γ.AC7.5% 1.72 1.10 0.67 0.41 
γ.PFA.AC6.2% 0.81 0.51 0.30 0.17 
γ.PFA.AC7.5% 1.14 0.98 0.70 0.45 
β.AC6.5% 2.35 1.36 0.81 0.51 
β.AC7.5% 1.87 1.22 0.72 0.46 
β.AC6.2% 2.17 1.47 0.85 0.48 
β.PFA.AC7.5% 1.87 1.13 0.65 0.39 
β.PFA.AC6.5% 2.12 1.34 0.81 0.49 
β.PFA.AC6+AC7.5% 2.15 1.28 0.74 0.44 
 
CO2 uptake values reported in this study are higher than those for similar 
microporous carbons reported elsewhere (Huang et al., 2003; Guang.Ping et 
al., 2010; Martin et al., 2010; Chunzhi et al., 2010; Przepiorski et al., 2002) (.  
 
Table 5.7). The maximum adsorption recorded by Przepiórski et al., (2002) 
was 87.8mg g.1 Ξ 1.99 mmol g.1, Plaza et al., (2010) also recorded a 1.5 and 
2.1 mmol g.1 uptake for two different amminated samples at 25 oC while 
Chunzhi et al., (2010) and Guoying et al. (2010) reported a 1.92 mmol g.1 and 
1.4 mmol g.1 uptake at the same temperature respectively. Lastly, Huang et 
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al., (2003) reported a 2.3 wt% (0.5.0.7 mmol g.1) adsorption for similar 
material in their work. Even the mordenite template carbons with the lowest 
CO2 uptake of 0.48 mmol g
.1 recorded a better uptake compared to 0.43 mmol 
g.1 CO2 adsorption recorded by Huang et al., (2003).  
 
Table 5.7. Comparison of CO2 uptake capacities at ambient conditions between 
this study and literatures. 
Material type  
 
Maximum CO2 uptake 
(mmol g.1) 
Reference 
Templated carbons 2.35 This study 
Phenolic resin carbon 1.99 Przepiórski et al., (2002) 
Activated carbons 1.5 and 2.1 Martin et al., (2010) 
Activated carbons 1.92 Chunzhi et al., (2010) 
Carbon monolith 1.4 Guang.Ping et al., (2010) 
Activated carbons 
Activated carbon 
Activated carbon 
Phenolic.formaldehyde 
activated carbon 
0.5.0.7 
2.21 
2.1* 
6.5 
Yang et al., (2011) 
Plaza et al., (2009)  
Gil et al., (2012) 
Martin et al., (2012) 
*uptake measured at 35 oC 
 
5.5 Adsorption kinetic studies 
The kinetics of CO2 adsorption on γ.AC6.5% templated carbon was studied by 
isothermal adsorption at different temperatures (25, 40, 60, and 80 °C), using 
the pseudo first order and pseudo second order models. The isothermal graphs 
are presented in Figure 5.13 to Figure 5.16, and the estimated parameters 
values and corresponding correlation coefficients are presented in Table 5.8. 
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The pseudo first order model provides the best fit to isothermal CO2 adsorption 
data at the temperatures studied. The first order nature of this reaction has 
been attributed to mode of transport of the reacting species on the surface of 
the carbon. In this case, the carbon is viewed as a flat surface with specific 
sites, at which adsorbed molecules (CO2) are located. These sites are assumed 
to have energy depth which is larger than the energy of the CO2 molecules. 
The CO2 molecules at each site must attain enough energy to move from one 
site to the next vacant site for adsorption to take place (Duong, 2008). Hence, 
in first order reaction kinetics, the rate of CO2 diffusion into the carbon surface 
is faster than the chemical reaction on the carbon surface. Similar results have 
been reported by Zhang et al., (2010a) when they studied the adsorption 
kinetics of CO2 on Zeolite 13X and activated carbon. The γ.AC6.5% adsorbent 
showed a curve which fits better to the pseudo first order model than the 
pseudo second order model. This finding is further supported by the R2 values 
and error function obtained for the pseudo first and second order models.  It 
was observed that the R2 for the pseudo first is in the order of 0.99, with 
corresponding error function in the range of 1.6.3.3 (Table 5.8). Since the 
correlation coefficient is greater than 0.99, it indicates the applicability of this 
kinetic model and the first order nature of the adsorption process of CO2 on 
the templated carbons (Hameed et al., 2007). Activation energy of .3.5224 kJ 
mol.1 was calculated for this material. This may suggest the possible 
application of this material for pre.combustion carbons capture where 
maximum CO2 uptake occurs at room temperature.  
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Figure 5.13. CO2 adsorption on γ.AC6.5% at 25 
oC. The experimental data 
was fitted by the pseudo.first order and pseudo.second order models. 
 
Figure 5.14. CO2 adsorption on γ.AC6.5% at 40 
oC. The experimental data 
was fitted by the pseudo.first order and pseudo.second order models. 
 
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15
C
O
2
u
p
ta
k
e
 (
m
m
o
l 
g
01
)
Time (mins)
y.AC6.5% pseudo first order
Pseudo second order
25 oC
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0 5 10 15C
O
2
u
p
ta
k
e
 (
m
m
o
 g
01
)
Time (mins)
y.AC6.5% Pseudo first order
Pseudo second order
40 oC
128 
 
 
Figure 5.15. CO2 adsorption on γ.AC6.5% at 60 
oC. The experimental data 
was fitted by the pseudo.first order and pseudo.second order models. 
 
Figure 5.16. CO2 adsorption on γ.AC6.5% at 80 
oC. The experimental data 
was fitted by the pseudo.first order and pseudo.second order models. 
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Table 5.8. Kinetic model parameters for the CO2 adsorption on templated 
carbon (γ.AC6.5%)) at different temperatures. 
T 
 25 oC 40 oC 60 oC 80 oC 
qe,exp  1.08 0.66 0.41 0.26 
Pseudo.first order qe 0.98 0.92 0.38 0.24 
k1 1.046 0.935 0.881 0.831 
R2 0.9955 0.9959 0.9969 0.9918 
Err 1.9 2.0 1.6 3.3 
Pseudo.second order qe 0.92 0.62 0.38 0.24 
k2 1.101 1.469 2.112 3.090 
R2 0.9797 0.9772 0.9709 0.9742 
Err 4.1 4.0 5.9 6.3 
(T: oC; qe,exp: mmol g
.1; qe: mmol g
.1; k1: s
.1; k2: mmol g
.1 s.1; ka: s
.1; a: 
mmol g.1 s.1, α: g mmol.1) 
 
5.6 High pressure CO2 adsorption 
This section presents results from high pressure analysis of the templated 
carbon on the HPVA. The high pressure CO2 uptake capacities of the materials 
with relation to textural properties are discussed. Data reported here are for 
selected adsorbents; γ.AC7.5%, β.AC6.5%, β.AC7.2%, β.PFA.AC6+AC7.5%, 
γ.PFA.AC7.5%, β.AC6.2%, β.PFA.AC6.5%, and β.PFA.AC7.5%. These 
selections were made such that a wide range of adsorbents representing the 
different synthesis parameters (see Section 3.2 on carbon synthesis) and 
textural properties are represented (Table 5.3).   
Results have shown that, at high pressure, surface area and micropore volume 
may not have played a role in the adsorption capacity of adsorbents (Figure 
5.18 and Figure 5.17 respectively), the total pore volume was seen to play a 
more significant role at this condition (Figure 5.19). This conclusion was drawn 
based in the R2 value for the respective adsorption capacity tests reported in 
Figure 5.17, Figure 5.18, and Figure 5.19. Similar trend have been reported 
130 
 
for the phenolic resin activated carbons in Chapter 4 (Section 4.3). However, a 
better adsorption trend was recorded for the templated carbon than the 
phenolic resin activated carbons (comparing Figure 4.7, Figure 4.6, and Figure 
4.8 with Figure 5.17, Figure 5.18, and Figure 5.19 respectively). This further 
explains the dependence of adsorption capacity on total pore volume rather 
than micropore size at high pressure (Martin et al., 2011).  
The volumetric adsorption isotherm of CO2 on the templated carbons at 25 
and 40 oC are shown in Figure 5.20 and Figure 5.21 respectively. The 
isotherms presented in this section are similar to those reported by Jeng et al., 
(2010) at similar temperatures and pressures, where CO2 isotherms were 
found to be Type I according to BDDT classification. No hysteresis has been 
found as operating conditions are not beyond the vapour pressure of CO2. CO2 
uptake increased rapidly as pressure increased to 3.5 MPa, and gradually after 
this point.  This phenomenon may indicate the reversibility of the adsorption 
process, and also suggests a stronger interaction between the CO2 molecules 
and the active sites in the activated carbons at these pressures (Gensterblum 
et al., 2009). The isotherms generated in this study are in total agreement 
with those reported by Dreisbach et al., (1999) as Type I isotherms were 
observed by them at high pressures. Also, adsorption rates are high  at lower 
pressures than at higher pressures. The γ–type adsorbents have lower 
adsorption rates at low pressures than the β–type carbons. The β.AC7.2% 
showed the highest CO2 uptake capacity at 25 and 40 
oC and 4.1 MPa (Figure 
5.20 and Figure 5.21). There was at least 52% more CO2 uptake in this 
material compared to the other adsorbents at 25 oC. This exceptional uptake 
behaviour may be attributed to the high total pore volume (1.76 cm3 g.1) (see 
Table 5.3) of this adsorbent which played a significant role in its adsorption 
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capacity at high pressure. Guillot et al., (1999) and Shuji et al., (2005) have 
reported in their work that CO2 adsorption on the walls of the larger 
micropores (secondary micropore filling) contributes to the overall uptake 
capacity of activated carbons. This may also suggests the reason for the 
improved individual CO2 uptake values recorded on the materials at high 
pressures. It must be pointed out at this point that this material has an 
exceptionally high total pore volume in comparison to the other materials 
developed. Given that there is little data at this point to fully confirm this 
trend, more data would be required before fully attributing performance at this 
level to total pore volume. 
 
 
Figure 5.17. Effect of micropore volume on CO2 uptake capacity of carbons at 
4.1 MPa. 
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Figure 5.18. Effect of surface area on CO2 uptake capacity of studied 
adsorbents at 4.1 MPa. 
 
 
Figure 5.19. Effect of total pore volume on CO2 uptake capacity of studied 
adsorbents at 4.1 MPa. 
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Figure 5.20. CO2 adsorption isotherms measured at 25 
oC. 
 
Figure 5.21.  CO2 adsorption isotherms at 40 
oC. 
 
Pressure swing adsorption (PSA) can be simulated by examining the 
adsorption/desorption isotherms (Figure 5.22; see  Appendix 1 and 2 for more 
results) at atmospheric and higher pressures. The desorption isotherm 
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obtained after pressure was reduced to about 0.1 MPa for all the templated 
carbons show approximately 98% of CO2 removed from the materials at 25 
and 40 oC. Although, the desorption curve did not totally coincide with 
adsorption curve at lower pressures (see Figure 5.22 and  Appendix 1). This 
suggests the need for extra energy to totally desorb CO2 from the adsorbents 
(Weihong, 2009). This has led to the proposal of the use of combined 
temperature and pressure swing adsorption cycles for regeneration operation. 
The highest uptake capacities reported for the templated carbons are more 
than double the amount reported in Heins et al., (1990) and Dreisbach et al., 
(1999) under similar experimental conditions and techniques for activated 
carbons. It is also higher than the 9.8 mmol g.1 reported in Martin et al., 
(2012) when they studied the CO2 uptake on phenol.aldehyde resin based 
activated carbons at 3 MPa, and the 10.7 mmol g.1 reported by Drage et al., 
(2009) when they studied CO2 uptake on activated carbons at 3 MPa.  
 
Figure 5.22. CO2 uptake of γ.AC7.AC.5% at 25 and 40 
oC at high pressure. 
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Increased CO2 uptake recorded here when compared to those obtained for the 
same materials at atmospheric pressure (see Section 5.4) may be attributed 
to three things; the presence of very narrow micropores, absolute pore filling 
or the filling of supermicropores in the adsorbents (Alcaniz.Monge et al., 
1995), and the overcoming of the repulsive force (activated diffusion) between 
pores surfaces and the CO2 molecules within the micropores as a result of high 
pressure CO2 application (Krkljuš, 2011). 
Also as explained in Section 5.4 at ambient pressure, high density adsorbents 
seem to have higher CO2 uptake (mmol cm
.3) records. Some materials will 
have a higher volumetric capacity than others, even though their mass uptake 
might be the same or less. Similar observations were made at high pressure 
test conditions too. Take the β–AC6.2% and β–AC6.5% for example (Figure 
5.23), at 4.1 MPa, they have almost identical mass uptake, yet the volumetric 
capacity for β–AC6.5% is far higher than that of β–AC6.2%. The β–AC7.2% 
has the highest CO2 uptake capacity on mass basis (21 mmolg
.1) as well as on 
volumetric basis (35 mmolcm.3) (Figure 5.23). The denser an adsorbent is, the 
higher its volumetric CO2 uptake capacity. Also, approximately 31 mmol cm
.3 
of CO2 (Figure 5.23) was captured by the β.PFA.AC7.5% adsorbent at 4.1 MPa 
compared to 4.83 mmol cm.3 recorded at atmospheric pressure. This is 
expected as this adsorbent is mainly microporous, and purely microporous 
material tends to have higher densities (Patrick, 1995).  
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Figure 5.23. Adsorption comparison at 25 oC between mmol g.1 and mmol cm.3 
at 4.1 bar.        
5.7 Summary 
A range of microporous carbon has been synthesized and tested for CO2 
uptake performance at ambient and higher pressures. The properties of the 
carbons produced and performance of the adsorbents on CO2 uptake depends 
highly on the carbon synthesis technique employed. The adsorbents can be 
arranged in the following order based on CO2 uptake performance at ambient 
conditions; <modenite templated carbons < γ.type templated carbons < β.
type templated carbons. Results have shown that the addition of PFA results in 
greater textural development in carbon materials synthesized from 
predominantly microporous zeolite templates (γ.type and mordenite), whilst 
being of no benefit when used for the predominantly mesoporous carbon. As 
observed in this study, no single synthesis parameter can be attributed to the 
textural characteristics obtained in the studied materials. To synthesize an 
adsorbent with characteristics of interest, a combination of the different 
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synthesis parameters may be used. The β.type zeolite derived carbon 
generated a range of activated carbons with higher SBET and micropore 
volumes than those derived from γ.type zeolite and mordenite. Increase in 
activation temperature and addition of furfuryl alcohol enhanced the SBET of 
most of the materials under study. Maximum SBET of 2404 m
2g.1 and 1.0 cm3 
g.1 of micropore volume were recorded. Up to 2.35 mmol g.1 of CO2 adsorption 
capacities was recorded at 25 oC, and this performance have been observed to 
depend highly on the textural properties of these adsorbents, more especially, 
their microporosity.  There has been a correlation between the CO2 uptake 
level and increasing microporosity and material’s surface area.  
Results on high pressure CO2 uptake capacities have shown that textural 
properties of adsorbents play a key role in their uptake capacities. While 
surface area and micropore volume are key to high CO2 uptake capacities at 
atmospheric pressure, total pore volume was seen to influence the uptake 
capacities of adsorbents at higher pressure more than micropore and surfaces 
area. A maximum of approximately 21.3 mmol g.1 of CO2 uptake capacity have 
been reported for the β–AC7.2% in this chapter. This value is seven times 
higher than the 3 mmol g.1 target predicted for minimising energy penalty 
associated with power generation, for adsorbents application in post.
combustion CCS (Drage et al., 2012; Wang et al., 2012). 
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CHAPTER SIX 
6Influence of carbon surface 
modification 
6.1 Introduction 
In this chapter, two different surface modification routes; ammonia and 
oxidation treatments have been explored to modify a commercial activated 
carbon (R.2030), zeolite templated carbons and phenolic resin activated 
carbons. Ammonia treatment was used for the R.2030 activated carbon and 
the zeolite templated carbons, while the oxidation treatment was used for the 
phenolic resin activated carbon. The ammonia and oxidation treatment 
processes added amine functional groups and oxygen functional groups 
respectively to the carbon surfaces. Full details of the modification process for 
the amine treatment and oxidation treatment can be found in Sections 3.3 and 
3.4 respectively of Chapter three.  
This chapter is divided into three sections. The first section discusses the 
results obtained for the amine modified commercial activated carbon. The 
second section discusses the results obtained for the oxidized phenolic resin 
activated carbon, and the third section presents the results of the amine 
modified templated carbons at ambient and high pressure conditions. 
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6.2 Amine modified commercial activated 
carbon 
The unmodified commercial activated carbon, from now on referred to as CL 
has 800 m2 g.1 surface area and particle sizes greater than 2.36 mm (Table 
6.1). H2.NH2.CL40 and H2.NH2.CL50 annotations have been used to represent 
the amine modified carbons. The H2.NH2CL50 represents an amine modified 
carbon which was hydrogenated at 5 MPa, while H2.NH2.CL40 represents 
carbon that was hydrogenated at 4 MPa of pressure (see Section 3.3).  
The N2 adsorption isotherms for CL, H2.NH2.CL40 and H2.NH2.CL50 presented in 
Figure 6.1 are Type I according to the BDDT classification (Goyal and Bansal, 
2005) showing they are mainly microporous materials. NDFT analysis (Figure 
6.2) indicates that the pores of the unmodified and modified adsorbents are 
predominantly distributed in the 0 and 2 nm range.  
 
Table 6.1. Textural properties of amine modified activated carbon measured at 
.196 oC. 
Sample name 
 
 
Total pore 
volume  
(cm3 g.1) 
Micropore 
volume 
(cm3 g.1) 
Micropore 
area  
(m2 g.1) 
S(BET)  
(m2 g.1) 
Error ± 1.5 
CL 0.50 0.33 694 704 
H2.NH2CL40 0.34 0.27 595 607 
H2.NH2CL50 0.32 0.30 652 668 
 
This implies that the modification has little or no effect on the textural 
properties of the modified activated carbon. Although the amount of nitrogen 
adsorbed were slightly affected. This is expected as the amine molecules 
occupy some spaces in the pore structure of the material after modification. 
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The textural properties of the amine modified carbon are presented in Table 
6.1. The textural properties of the modified carbon were only slightly altered 
by the introduction of amine. Results show there was only 6 and 16% 
reduction in surface area of H2.NH2.CL50 and H2.NH2.CL40 respectively, and 9% 
and 18% reduction in micropore volume respectively compared to the 
unmodified CL carbon. This further explains the isotherm obtained for these 
adsorbent as seen in Figure 6.1. Also, ultimate analysis results showed that 
the total elemental carbon remained high for the modified carbons ( 
Table 6.2). Also, the amount of elemental nitrogen (Nitrogen loading) tripled 
for the amine modified carbons compared to the original CL carbon, indicating 
a success in surface modification. The reduction in the nitrogen loading seen in  
Table 6.2 may be due to reduced active sites resulting from higher pressure. 
The micropore volume was observed to remain unchanged while the total pore 
volume decreased after modification. This suggests that the amine 
modification took place in the meso and larger pores of the carbons. 
 
Table 6.2. Ultimate analysis for the R2030 and amine modified adsorbents 
Sample name 
 
C 
(wt.%) 
H 
(wt.%) 
N 
(wt.%) 
O 
(wt.%) 
CL 96.99 0.18 0.41 2.42 
H2.NH2CL40 95.23 0.03 1.43 3.32 
H2.NH2CL50 93.21 0.24 1.29 5.26 
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Figure 6.1. Nitrogen adsorption isotherm of unmodified and modified 
commercial activated carbon measured at .196 oC. 
 
Figure 6.2. NLDFT pore size distribution for unmodified and modified 
commercial activated carbon measured at .196 oC. 
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6.2.1CO2 uptake measurements of commercial activated 
carbon 
CO2 uptake measurements show that the modified adsorbents have higher 
uptake capacities than the unmodified adsorbent at 25 oC Table 6.3.  The 
unmodified commercial activated carbon showed a 2.4 mmol g.1 of CO2 uptake 
capacity, while the modified ones showed approximately 2.5 and 2.7 mmol g.1 
of CO2 uptake capacities, with maximum standard deviation of 0.04 after six 
adsorption tests compared to the unmodified one (CL). At ambient 
temperature and pressure test conditions, total pore volume, surface area and 
micropore volume was observed not to play a major role in the uptake 
performance of these adsorbents. Although just few points have been 
represented here, adsorption trends were seen to decrease as the micropore 
volume, surface area, and total pore volume increased respectively (Figure 
6.3, Figure 6.4, and Figure 6.5 respectively). This shows opposite trend to 
those observed for the templated carbons (see Figure 5.8 and Figure 5.9 in 
Section 5.4 for comparison), and suggest that the effect of the textural 
properties have been to some respect over ridden by the chemical 
modification. More data point would have provided a better correlation, but 
this was not taken due to time constraint.  
In nitrogen atmosphere, the TPD profile shows that CO2 desorbed 
exponentially with increasing temperature (Figure 6.6), while a non.isothermal 
CO2 capture test (Figure 6.7) shows the inverse proportional relationship of 
CO2 adsorption to temperatures. In both profiles, the desorption rates were 
slower for the amine modified carbons. This signifies a stronger adsorption 
sites and increased CO2 affinity on the amine modified carbon. This also shows 
a significant success in surface modification of the materials.  
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Table 6.3. CO2 uptake capacities of CL and amine modified commercial 
activated carbons at ambient pressure. 
Sample name 
 
CO2 uptake @ 
25 oC 
(mmog.1) 
15% CO2 
(mmolg.1) 
Ratio 
(%) 
CL 2.42 ±0.01 0.88 23 
H2.NH2CL40 2.53 ±0.04 1.03 23 
H2.NH2CL50 2.65 ±0.03 1.01 23 
 
 
 
Figure 6.3. CO2 uptake trend for commercial active carbon and modified 
carbon with respect to micropore volume measured at ambient temperature 
and pressure. 
 
R² = 0.23
2.4
2.45
2.5
2.55
2.6
2.65
2.7
0.24 0.26 0.28 0.3 0.32 0.34
C
O
2
u
p
ta
k
e
 (
m
m
o
l 
g
01
)
Micropore volume (cm3 g01)
H2-NH2-CL50
H2-NH2-CL40
CL
144 
 
 
Figure 6.4. CO2 uptake trend for commercial active carbon and modified 
carbon with respect to surface area measured at ambient temperature and 
pressure. 
 
 
Figure 6.5. CO2 uptake trend for commercial active carbon and modified 
carbon with respect to total pore volume measured at ambient temperature 
and pressure. 
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Figure 6.6. Temperature programmed desorption for CL, H2.NH2CL40, and H2.
NH2CL50: heating rate of at 5 
oC min.1 in 98 cm3 min.1 of N2 flow at ambient 
pressure. 
 
 
Figure 6.7. Non.isothermal CO2 capture tests: heating rate of 0.25 
oC min.1 in 
98 mL min.1 of CO2 flow at ambient pressure. 
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CO2 uptakes recorded at high pressures (Figure 6.8) were more than those 
recorded at ambient pressure for the unmodified and amine modified 
commercial activated carbons. Approximately 6.6, 5.2, and 6.5 mmol g.1 of 
CO2 uptake capacities were recorded for CL, H2.NH2CL40, and H2.NH2CL50 
respectively at 4.1 MPa ( 
Table 6.4). Despite amine modification, the H2.NH2CL50 has approximately the 
same adsorption capacity with CL at 4.1 MPa, while the H2.NH2CL40 showed 
lower CO2 capacity. This suggests that surface chemistry may not necessarily 
increase adsorption capacity for this carbon at high pressure, but may 
increase material’s surface affinity to CO2. CO2 uptake trend for the adsorbents 
were seen to increase with increasing micropore volume (Figure 6.9) and 
surface area (Figure 6.10). Whereas no CO2 uptake trend was observed for 
these materials with respect to the total pore volume (Figure 6.11). 
 
Table 6.4. CO2 uptake capacities of CL and amine modified commercial 
activated carbons at higher pressures up to 4.1 MPa. 
Sample name 
 
 
CO2 uptake @ ambient 
condition  (mmol g.1) 
 
CO2 uptake @ 4.1 MPa 
and 25 oC  (mmol g.1) 
 
CL 2.42 ±0.01 6.58 ±0.01 
H2.NH2CL40 2.52 ±0.04 5.15 ±0.05 
H2.NH2CL50 2.65 ±0.03 6.54±0.03 
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Figure 6.8. CO2 Adsorption isotherm for unmodified and amine modified 
commercial activated carbon at 25 oC and pressures up to 4.1 MPa.  
 
 
Figure 6.9. CO2 uptake trend for commercial active carbon with respect to 
micropore volume measured at 25 oC and 4.1 MPa.  
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Figure 6.10. CO2 uptake trend for commercial active carbon with respect to 
surface area measured at 25 oC and 4.1 MPa.  
 
 
Figure 6.11. CO2 uptake trend for commercial active carbon with respect to 
total pore volume measured at 25 oC and 4.1 MPa. 
 
R² = 0.91
0
1
2
3
4
5
6
7
8
600 620 640 660 680 700 720
C
O
2
u
p
ta
k
e
 (
m
m
o
l 
g
01
)
S(BET) (m2 g01)
H2-NH2-CL50
H2-NH2-CL40
CL
R² = 0.22
0
1
2
3
4
5
6
7
0.3 0.35 0.4 0.45 0.5 0.55
C
O
2
u
p
ta
k
e
 (
m
m
o
l 
g
01
)
Total pore volume (cm3 g01)
H2-NH2-CL50
H2-NH2-CL40
CL
149 
 
6.3 Oxidized phenolic resin activated 
carbon 
This section presents the results obtained from oxidation of phenolic resin 
activated carbon. Oxygen surface functionalities were introduced onto the 
surface of phenolic resin activated carbon, with the aim of studying their 
influence over the CO2 capture performance of the oxidised materials at 
ambient and high pressure conditions. Three different techniques were used to 
introduce these oxygen functionalities; oxidizing with 1M (NH4)2SO4 at room 
temperature, oxidation with 1 and 16 M nitric acid, and gas phase oxidation by 
heating the carbons in air at 420 oC. Full details of modification process can be 
obtained in Section 3.4. For simplicity and easy material identification, M has 
been used to represent the unmodified phenolic resin carbons. MAP.1, MAP.3, 
and MAP.24 are carbons oxidized by 1 M saturated solution of ammonium 
persulfate in sulphuric acid for 1, 3 and 24 hours respectively. MNA1.1, MNA1.
24, MNA16.1 and MNA16.3 are phenolic resin carbons oxidized by 1M and 16M 
nitric acid for 1, 24 and 3 hours respectively.  Finally, the gas phase oxidised 
carbon has been represented as MAM.  
It is important to state that the CO2 uptake results at ambient conditions 
presented in this section was obtained from Plaza et al., (2012) (presently 
under review for publication).  
6.3.1 Chemical and textural properties of Oxidized 
phenolic resin carbon  
Table 6.5 summarises the textural parameters of the studied samples after 5 
tests and illustrates the effect of the oxidation techniques on the textural 
properties compared to the original carbon, M. Except for the gas phase 
oxidation treatment, which showed an increase in surface area after 
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modification, the liquid phase oxidation treatments (MAP and MNA) recorded a 
decrease in surface area after modification in comparison with the original 
adsorbent M. This reduction can be attributed to a partial collapse of pore 
walls caused by the oxidation reaction and the surface tension of the oxidising 
solution (Matsumura, 1975). Results in Table 6.5 also showed that the 
microporosity was not significantly altered by the oxidation treatments (as 
seen in the micropore volume, Wo which is around 0.3 cm
3 g.1 for all the 
adsorbents). The moderate textural development is due to the partial 
gasification of the carbon with air. Therefore, the reduction in the total pore 
volume must come from the loss of wide microporosity.  
The chemical properties of the materials showed a significant increase in the 
amount of oxygen on the modified materials as compared to the unmodified 
adsorbent (Table 6.6). The MAP and MNA samples showed between 79.88% 
and 82.91% increase in oxygen respectively, while the MAM showed 74% 
increase compared to the base material. This significant increase indicates a 
successful addition of oxygen functionalities to the adsorbents surfaces. 
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Table 6.5. Textural properties of oxidized phenolic carbons.  
 
 
Sample 
N2 adsorption measured at .196 
oC 
SBET 
 (m
2 g.1) 
Wo  
(cm3 g.1) 
VP 
(cm3 g.1) 
ρHe 
(g cm.3) 
M 1180 0.30 0.51 1.99 
MAP.1 928 0.31 0.39 1.99 
MAP.3 929 0.29 0.42 1.93 
MAP.24 887 0.31 0.38 1.96 
MNA1.1 894 0.31 0.38 1.99 
MNA1.24 917 0.29 0.39 1.96 
MNA16.1 941 0.31 0.41 1.96 
MNA16.3 962 0.30 0.41 1.96 
MAM 1196 0.31 0.53 2.02 
SBET: surface area; W0: micropore volume; Vp: total pore volume; ρHe: density 
 
Table 6.6. Ultimate analysis calculated by dry ash free basis.  
Sample C 
 (wt.%) 
H  
(wt.%) 
N 
(wt.%) 
S 
(wt.%) 
O  
(wt.%) 
M 97.78 0.46 0.28 0.07 1.41 
MAP.1 91.32 1.18 0.31 0.20 6.99 
MAP.3 89.85 1.26 0.30 0.17 8.42 
MAP.24 86.54 1.41 0.28 0.25 11.52 
MNA1.1 90.21 1.06 0.77 0.15 7.81 
MNA1.24 86.49 1.22 0.77 0.15 11.37 
MNA16.1 82.69 1.75 0.77 0.23 14.56 
MNA16.3 80.63 2.37 0.77 0.33 15.90 
MAM 92.62 1.31 0.49 0.15 5.43 
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6.3.2 CO2 uptake measurements at ambient pressure: 
influence of textural properties and surface 
chemistry  
The results of the isothermal CO2 adsorption tests carried out at 25 
oC are 
summarised in Table 6.7. All oxidised samples present higher CO2 adsorption 
capacity than the starting material, M. The liquid phase oxidized materials (in 
particular, MAP.3) recorded the highest CO2 uptake capacity (2.9 mmol g
.1). 
The gas phase oxidized material showed only a slight increase in CO2 uptake 
capacity (only 4% increase) compared to the starting material. The presence 
of stronger adsorbate.adsorbent interactions between the introduced oxygen 
surface groups and the CO2 molecule enhanced CO2 uptake. Based on the 
adsorption capacities recorded, it could be inferred that the adsorbate.
adsorbent interactions is stronger for the liquid phase oxidized materials than 
the gas phase oxidized adsorbent. Although textural properties affect the CO2 
uptake performance of the adsorbents, higher texture development does not 
necessarily translate to higher adsorption capacity: the maximum CO2 uptakes 
were obtained for the liquid phase oxidised samples. Thus it seems that 
surface chemistry is playing an important role in the adsorption of CO2. Similar 
results were observed for the amine modified phenolic resin activated carbons 
in Section 6.2.1. 
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Table 6.7. CO2 uptake of oxidized phenolic resin carbons at ambient 
conditions. 
Sample CO2 uptake  
(mmol g.1) 
M 2.2 ± 0.2 
MAP.1 2.4 ± 0.2 
MAP.3 2.9 ± 0.1 
MAP.24 2.8 ± 0.1 
MNA1.1 2.5 ± 0.1  
MNA1.24 2.6 ± 0.2 
MNA16.1 2.6 ± 0.2 
MNA16.3 2.6 ± 0.2 
MAM 2.3 ± 0.1 
 
The CO2 capture capacities reported in these materials are higher than the 
capacity of commercial activated carbons (between 1.6 and 2.1 mmol CO2 g
.1) 
evaluated under similar conditions and reported by Plaza et al., (2007). 
Results obtained here are still higher than that (up to 2.2 mmol g.1) reported 
by Pevida et al., (2008b) when they examined nitrogen enriched carbons 
under the same conditions. It is also higher than the 2.65 mmol g.1 CO2 
uptake capacities reported for the amine modified commercial activated 
carbon in Section 6.2. Likewise, urea.formaldehyde and phenolic resin.derived 
carbons have been reported to present capacities between 1.8 and 2.5 mmol 
CO2 g
.1 at 25 oC (Drage et al., 2007; Martin et al., 2010).  
The amount of CO2 adsorbed decreased gradually with increasing temperature 
during the non.isothermal capture tests (Figure 6.12), as expected for a 
predominantly physical adsorption process. The values fell from 2.3 mmol CO2 
g.1 at 25 oC, to approximately 0.5 mmol CO2 g
.1 at 110 oC. In the studied 
temperature range, all the oxidized adsorbents have higher CO2 adsorption 
capacity than M, especially those prepared by oxidation in liquid phase. These 
results suggest again that the presence of the surface functional groups has a 
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beneficial effect on CO2 adsorption. The effect of micropore volume, surface 
area and total pore volume at ambient temperature and pressure is presented 
in Figure 6.13, Figure 6.14, and Figure 6.15 respectively. No positive 
adsorption trend has been found for the CO2 uptake capacities of the 
adsorbents with respect to micropore volume (Figure 6.13), surface area 
(Figure 6.14), and total pore volume (Figure 6.15).  
 
 
 
 
 
 
 
 
 
 
Figure 6.12. Non.isothermal CO2 capture tests: heating rate of 0.25 
oC min.1 in 
98 mL min.1 of CO2 flow. 
 
25      35      45      55      65      75      85      95     105 
Temperature (oC) 
155 
 
 
 Figure 6.13. CO2 uptake trend for oxidized carbon with respect to micropore 
volume measured at ambient temperature and pressure. 
 
 
Figure 6.14. CO2 uptake trend for oxidized carbon with respect to surface area 
measured at ambient temperature and pressure. 
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Figure 6.15. CO2 uptake trend for oxidized carbon with respect to total pore 
volume measured at ambient temperature and pressure. 
 
6.3.3High pressure CO2 uptake measurements on oxidized 
carbons 
The results of high pressure CO2 uptake performance at 25 and 40 
oC are 
presented in Table 6.8. CO2 uptake at high pressure and 25 
oC was found to 
be at least 3 times higher than that recorded at 25 oC and atmospheric 
pressure. The extent of oxidation does not seem to affect the CO2 uptake 
capacity for the MAP.1, MAP.13, and MAP.24 carbons. Increased temperature 
was observed to result in a decrease in the maximum CO2 uptake range of 
approximately 8 to 10 mmol g.1 at 25 oC to approximately 8.9 mmol g.1 at 40 
oC. The liquid phase oxidized carbons produced the highest range of CO2 
uptake capacities at both 25 and 40 oC compared to the gas phase oxidized 
carbon. The MNA16.1 carbon presented the highest CO2 uptake for these 
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of CO2 uptake was recorded at 25 and 40 
oC respectively. While for the MAM 
carbon, there was approximately no change in the uptake levels at both 
temperatures, suggesting that gas phase oxidation has little or no effect on 
the CO2 uptake of the carbons at high pressure. 
Individually, the oxidized adsorbents have higher CO2 uptake capacities at 
high pressure compared to that recorded at ambient pressures (see Section 
6.3.2), increasing micropore volume, surface area, and total pore volume have 
shown no positive adsorption trends compared to that observed at ambient 
pressures. 
Table 6.8. CO2 uptake measurements for the oxidized carbons at 4.1 MPa. 
 
Sample 
4.1 MPa 
25 oC  
(mmol g.1) 
40 oC  
(mmol g.1) 
MAP.1 8.38 8.20 
MAP.3 10.02 9.26 
MAP.24 8.65 7.57 
MNA1.1 8.36 7.96 
MNA1.24 9.97 9.03 
MNA16.1 10.60 10.25 
MNA16.3 8.65 8.15 
MAM 8.00 7.56 
 
The high pressure CO2 adsorption isotherms for the oxidized carbons at 25 and 
40 oC are presented in Figure 6.16 and Figure 6.17. Isotherms for individual 
adsorbents are presented in Appendix 6. The isotherms are steeper at lower 
pressures indicating a faster CO2 uptake. These isotherms are in good 
agreement with those obtained from literature (Dreisbach et al., 1999). This is 
expected because the pores are devoid of CO2 at the start of the adsorption 
tests, and active sites are free of the adsorbate molecules. As the test 
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progressed, the adsorbents become saturated with CO2, and the rate of 
adsorption decreases. The desorption curves show that not all the adsorbed 
CO2 were released during the desorption stage, suggesting the need for heat 
application for total adsorbate desorption to occur (Siriwardane et al., 2003).  
 
Figure 6.16. CO2 adsorption/desorption isotherms for oxidized carbons at 25 
oC and pressures up to 4.1 MPa. 
 
Figure 6.17. CO2 adsorption/desorption isotherms for oxidized carbons at 40 
oC and pressures up to 4.1 MPa. 
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This same adsorption trend has been observed during the high pressure CO2 
adsorption/desorption process of the zeolite templated carbons reported in 
Section 6.4. Apart from the MNA1.1 isotherm (Figure 6.18), all other 
isotherms (see appendix 2) show a desorption curve which lie just above the 
adsorption curve for both 25 and 40 oC test conditions. Although, the 
magnitudes of deviation from the adsorption curves differ from adsorbents to 
adsorbents, the MNA16.1 exhibited the widest gap. This phenomenon may 
suggest the swelling of the adsorbents during the adsorption stage, or 
trapping of CO2 within the pores of the adsorbents during desorption 
operation. This observation has been reported to occur in polymer of intrinsic 
microporosity (PIM) by Budd et al., (2005) and Mckeown et al., (2006). 
 
 
Figure 6.18. Adsorption isotherms for MNA1.1 carbons at 25 and 40 oC and 
pressures up to 4.1 MPa. 
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On the other hand, this may also suggest the effectiveness of the modification 
operation on the adsorbents, as same phenomenon have been observed for 
the amine modified templated carbons reported in Section 6.4.  
All the isotherms presented in Figure 6.16 and Figure 6.17 have shown 
broader and flatter maximum compared to those observed in Figure 5.20 and 
Figure 5.21 for the unmodified templated carbons, indicating that pores are 
saturated more quickly in the modified materials. This observation has been 
reported by Weihong et al., (2004) to be consistent with narrow pore 
distributions. 
All the oxidized adsorbents have CO2 uptake capacities higher than those 
reported by Hines et al., (1990) and Dreisbach et al., (1999) at similar 
experimental conditions. The current report by Martin et al., (2012) on CO2 
uptake on phenol.aldehyde resin based activated carbons at pressures up to 3 
MPa show CO2 uptake capacities of approximatley 9.8, 8.4, and 7.3 mmolg
.1 at 
25, 45, and 65 oC respectively. These values are also lower than the maximum 
uptake values reported in this study.  
The adsorption trends for micropore volume, surface area and total pore 
volume at ambient temperature and higher pressure is presented in Figure 
6.19, Figure 6.20, and Figure 6.21 respectively. Just as experienced at 
ambient temperature and pressure, no positive trend has been found for the 
CO2 uptake capacities of the adsorbents with respect to micropore volume 
(Figure 6.19), surface area (Figure 6.20), total pore volume (Figure 6.21),  
and oxygen content of the adsorbent (Figure 6.22). 
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Figure 6.19. CO2 uptake trend for oxidized carbons with respect to micropore 
volume measured at 25 oC and 4.1 MPa. 
 
Figure 6.20. CO2 uptake trend for oxidized carbon with respect to surface area 
measured at 25 oC and 4.1 MPa. 
 
R² = 0.27
0
2
4
6
8
10
12
0.28 0.29 0.3 0.31 0.32
C
O
2
u
p
ta
k
e
 (
m
m
o
l 
g
01
)
Micropore volume (cm3 g01)
R² = 0.14
0
2
4
6
8
10
12
800 900 1000 1100 1200 1300
C
O
2
u
p
ta
k
e
 (
m
m
o
l 
g
01
)
S(BET) (m2 g01)
162 
 
 
Figure 6.21. CO2 uptake trend for oxidized carbon with respect to total pore 
volume measured at 25 and 4.1 MPa. 
 
Figure 6.22. CO2 uptake trend for oxidized carbon with respect to oxygen 
content of the adsorbent at 25 oC and 4.1 MPa. 
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6.4 Amine modified templated carbons 
This section presents the results obtained from modifying the surface 
properties of templated carbons with amines. The amine surface functionalities 
were introduced onto the surface of the templated carbon, with the aim of 
studying the influence of surface chemistry on CO2 capture performance of the 
materials at ambient and high pressure conditions.  The surface modification 
was carried out by nitration and reduction of nitro groups from the carbons 
surface using Yoshikawa and Tsumokawa, (1996) method. Full detail of the 
modification process is presented in Section 3.3.  
6.4.1Textural properties 
Just as observed for the unmodified templated carbon (see Figure 5.2 and 
Figure 5.3), a Type I isotherm was observed for amine modified β.type (Figure 
6.23) γ.type (Figure 6.24)  and templated carabons, with some hysteresis 
noted for the γ.type carbons suggesting the presence of some mesoporosity. 
These observations are further illustrated by the presentation of the pore size 
distribution profiles in Figure 6.25 and Figure 6.26.  The high characteristic 
energy (Table 6.9) observed in the modified β.type adsorbents as compared 
to the γ.type modified carbons also give a good indication of the presence of 
micropores. However, the amount of nitrogen adsorbed by the modified β–
type and γ–type carbons were reduced by 44.45% and 73.75% respectively 
compared with their unmodified carbons.  This observation is expected 
because the modifying species is expected to occupy some spaces in the voids 
of the adsorbents after modification, reducing the total pore volumes available 
for nitrogen adsorption.  
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Figure 6.23. Adsorption/desorption profile for amine modified β.type carbons 
measured at .196 oC. 
 
 
Figure 6.24. Adsorption/desorption profile for amine modified γ.type carbons 
measured at 196 oC. 
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Figure 6.25. Pore distribution profile for amine modified β–type carbons 
measured at .196 oC. 
 
Figure 6.26. Pore distribution profile for amine modified γ.type carbons 
measured at .196 oC. 
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Success of surface modification of the studied adsorbent was observed in the 
increased nitrogen loading (Table 6.10) recorded after ultimate analysis as 
compared to the unmodified carbons (Table 5.4). At least approximately 300% 
increase in nitrogen loading have been recorded, with maximum loading (5.39 
≡	500% increase) observed for the NH2.γ.AC7.2% adsorbent. The 
modification of these materials has been observed to adversely affect the 
surface areas of the materials. The surface area of the adsorbents were 
reduced after modification when compared to the unmodified carbons. 26.80% 
and 76.95% reduction in surface area were recorded for the β–type and γ–
type templated carbon respectively when compared to their unmodified 
counterpart (Table 5.3). The micropore volumes and the total pore volumes 
were also reduced after modification. Total pore and micropore volumes 
reduced by at least 19 and 3% respectively for the β–type modified carbon, 
while they reduce by at least 66% for the γ–type modified carbon compared to 
their unmodified counterpart reported in Table 5.3. Similar effect has been 
reported by Chen et al., (2003) and Garcia et al., (1998) when they modified 
active carbons using nitric acid and oxygen plasma respectively. 
Thermal stability curves (Figure 6.27) derived from TG shows NH2.β .AC7.5% 
as more thermally stable with a marginal mass loss of 26 wt.%.  NH2.β.AC6.
5% and NH2.γ.PFA.AC7.5% show similar mass losses, around 30 wt.%. NH2.
β.PFA.AC6.5% starts decomposing at a lower temperature (around 200 oC) 
and suggests the decomposition of weakly bound amines on the surfaces of 
the adsorbent (Plaza et al., 2010).  
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Figure 6.27. Thermal stability profile of amine modified adsorbents; heating 
rate 10 oC min.1 in nitrogen; 50 oC min.1 in air. 
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Table 6.9. Textural properties of amine modified carbons. 
Amine modified 
carbons  
 
SBET 
(m2 g.1) 
E0 
(kJmol.1) 
Wo 
(cm3 g.1) 
Vp 
(cm3g.1) 
Vmeso  
(cm3 g.1) Vmeso/ Wo 
 
Wo /Vp 
 
ρHe 
(g cm.3) 
 
NH2.β.AC6.5% 630 27.62 0.24 0.50 0.16 0.67 0.48 1.76 
NH2.β.AC7.5% 1021 24.61 0.39 0.60 0.68 1.74 0.65 1.84 
NH2.β.PFA.AC6.5% 374 20.90 0.14 0.20 0.15 1.07 0.70 1.71 
NH2.γ.AC7.2% 287 18.66 0.11 0.22 0.08 0.73 0.50 1.79 
NH2.γ.PFA.AC7.5% 290 16.94 0.11 0.19 0.10 0.91 0.58 1.82 
NH2.γ.AC6.5% 34 18.28 0.01 0.11 0.06 6.00 0.09 1.93 
SBET: surface area, E0: characteristic energy, Wo: micropore volume, VP: total pore volume, Vmeso: mesopore 
volume, ρHe: helium density 
 
Table 6.10. Ultimate analysis of amine modified adsorbents (dry ash free). 
Amine modified carbons 
 
C 
(wt.%) 
H 
(wt.%) 
N 
(wt.%) 
O  
(wt.%) 
N/C 
 
NH2.β.AC6.5% 87.35 1.15 2.98 8.51 0.04 
NH2.β .AC7.5% 91.63 0.69 3.86 3.82 0.04 
NH2.β.PFA.AC6.5% 91.18 1.75 3.03 4.03 0.04 
NH2.γ.AC7.2% 89.67 0.36 5.39 4.58 0.07 
NH2.γ.PFA.AC7.5% 90.27 0.09 5.31 4.34 0.07 
NH2.γ.AC6.5% 86.95 1.49 2.89 8.67 0.04 
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6.4.2CO2 uptake of amine modified templated carbons at 
ambient pressure 
The amine modified templated carbons showed reduced CO2 uptake at 25 
oC 
compared to the unmodified samples (see Section 5.4 in Chapter 5). This 
reduction may be due to CO2 transport restrictions by narrow pores of the 
materials, resulting from amine loading (Plaza et al., 2007).  Although, the 
ratio of 15% CO2 to 100% CO2 (which simulates the binary mixture of gas in 
exhaust of power plant) on the amine modified materials (Table 6.11) was 
observed to be higher than those reported for the unmodified carbons (Table 
5.5). Higher ratio may be attributed to the presence of narrower porosity and 
nitrogen heteroatoms on the carbon matrix, which may have increased the 
delocalised ~ electrons in the system of the carbons (Plaza et al., 2011). 
Standard deviations of recorded CO2 uptake data for the modified adsorbents 
indicate reproducibility of adsorption results (Table 6.11).  
The adsorbents density played an important role in the amount of CO2 
adsorbed (Table 6.9 and Figure 6.28). This test was carried out to evaluate 
the performance of these adsorbents in a binary mixture containing nitrogen 
and CO2 in a ratio that simulates that of a flue gas stream. The CO2 uptake 
recorded was lower for 15% CO2 stream than that obtained for 100% CO2 
stream. However, about 21.71% more CO2 uptake was recorded in 
comparison to unmodified adsorbents at similar conditions (reported in Section 
5.4 on Chapter 5). This suggests the applicability of these modified adsorbents 
in post.combustion carbon capture where CO2 partial pressures are low. This 
also suggests that the amine modification enhanced the CO2 selectivity of the 
materials (Pevida et al., 2008; Plaza et al., 2007; Plaza et al., 2010).  
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Table 6.11. CO2 uptake of amine modified adsorbents at 25 
oC. 
Amine modified 
carbons  
 
 
15% CO2 
uptake 
(mmol g.1) 
100% CO2 
uptake 
 (mmol g.1) 
Ratio 
(%) 
CO2 uptake 
(mmol cm.3) 
100% CO2 
uptake of 
unmodified 
carbons 
(mmol g.1) 
NH2.β.AC6.5% 0.82±0.02 1.76±0.06 47±1.5 3.10 2.35 
NH2.β.AC7.5% 0.62±0.12 2.93±0.09 21±7.8 5.39 1.87 
NH2.β.PFA.AC6.5% 0.58±0.04 0.93±0.04 62±4.5 1.59 2.12 
NH2..AC7.2% 0.88±0.06 1.72±0.06 51±2.6 3.08 1.78 
NH2..PFA.AC7.5% 0.58±0.04 1.73±0.01 46±4.1 3.15 1.82 
NH2..AC6.5% 0.66±0.03 0.92±0.05 72±0.9 1.78 1.08 
 
It is presumed that highly microporous materials may record higher densities. 
This is so because predominantly mesoporous adsorbents constitute larger 
voids in the material which consequently results to lower material density. 
5.39 mmol cm.3 CO2 uptake capacities were recorded for NH2.β.AC7.5% when 
material density was considered. This high density effect was observed in all 
the modified carbons (Figure 6.28). No CO2 uptake trends were observed for 
the modified adsorbents with respect to micropore volume (Figure 6.29), 
surface area (Figure 6.30), and total pore volume (Figure 6.31) as seen by the 
R2 values, suggesting the textural properties did not have any impact these 
modified adsorbents at ambient pressure. 
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Figure 6.28. CO2 uptake of amine modified templated carbons measured at 
ambient pressure conditions. 
 
Figure 6.29. CO2 uptake trend for amine modified templated carbons with 
respect to micropore volume measured at ambient pressure conditions. 
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Figure 6.30. CO2 uptake trend for amine modified templated carbons with 
respect to surface area measured at ambient pressure conditions. 
 
Figure 6.31. CO2 uptake trend for amine modified templated carbons with 
respect to total pore volume measured at ambient pressure conditions. 
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The TPD profiles (Figure 6.32 and Figure 6.33) show the behaviour of the 
amine modified materials (saturated with CO2) at higher temperatures 
compared to the unmodified materials.  It could be observed that while the 
unmodified adsorbents lost approximately 90% of their captured CO2 at about 
40 oC, the modified adsorbents retained substantial amount of the adsorbate 
at this temperature. The NH2.β.AC7.5%, NH2.β.AC6.5% and NH2.β.PFA.AC6.
5% retained 18, 30, and 48% of CO2 respectively while NH2.γ.AC7.2%, NH2.
γ.AC6.5% and NH2.γ.PFA.AC7.5% retained 36, 49, and 87% of adsorbed CO2 
respectively. However, the difference in capture capacities of the modified 
adsorbents decreased as the temperature increased, with NH2.γ.PFA.AC7.5% 
and NH2.β.PFA.AC6.5% losing their abiliity to adsorb CO2 at 150 and 115 
oC 
respectively.  
 
Figure 6.32. TPD profile for amine modified β.type adsorbents during heating 
in 98 mL min.1 of N2 flow at a heating rate of 5 
oC min.1 up to 105 oC. 
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Figure 6.33. TPD profile for amine modified γ.type adsorbents during heating 
in 98 mL min.1 of N2 flow at a heating rate of 5 
oC min.1 up to 105 oC. 
Although the maximum CO2 uptake recorded for the amine modified materials 
is lower than those of the parent adsorbent (see Table 5.5). Increased CO2 
ratio (Table 6.11), CO2 affinity (Figure 6.32 and Figure 6.33), and better 
thermal stability (Figure 6.27) has been achieved on the amine modified 
adsorbents. Higher selectivity observed for this amine modified adsorbents at 
low pressure may be attributed to their narrower porosity and favourable 
surface chemistry (Plaza et al., 2011) compared to their unmodified 
counterpart. Although a study on the total amount of basic sites on these 
materials was not undertaken, it has been reported by Zhang et al., (2011) 
that the amount of CO2 adsorbed by a modified sample corresponds to the 
amount of basic sites on the samples. The highest uptake capacities reported 
here for modified adsorbents are higher than values reported for nitrogen 
functionalised carbons; 99 mg g.1 Ξ 2.25 mmol g.1 (Zhao et al., 2010), 2.18 
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mmol g.1 (Pevida, 2008b), and 59 mg g.1 Ξ 1.34 mmol g.1 reported by Chen et 
al., (2007) when they worked on CO2 capture on nitrogen.rich carbons using a 
BEL adsorption instrument at 25 oC and atmospheric pressure. Also, the 
capture capacity reported in this study is 16 times higher than that reported 
by Gray et al., (2004) (174.5 µmol g.1 Ξ 0.175 mmol g.1) when they studied 
CO2 capture of amine.enriched fly ash carbon sorbents at 25 
oC using a 
combination of diffuse reflectance infrared transform spectroscopy (DRIFTS) 
temperature programmed desorption  and mass spectroscopy. The maximum 
uptake capacity reported in this work is also higher than the 65.7 mg g.1 Ξ 
1.49 mmol g.1 reported by Maroto.Valer et al., (2005) for amine modified 
anthracite. 
6.4.3Adsorption kinetic studies 
The kinetics of CO2 adsorption on amine modified templated carbon (NH2.γ.
AC6.5%) was studied by isothermal adsorption at different temperatures (25, 
40, 60, and 80 °C), using the pseudo first order and pseudo second order 
models. The isothermal graphs are presented in Figure 6.34 to Figure 6.37, 
and the estimated parameter values and corresponding correlation coefficients 
are presented in Table 6.12. The selected models have been thought to be 
associated with the surface.reaction kinetic step as controlling the sorption 
rate, which is more likely to be true for CO2 adsorption on amine modified 
materials. The observed rate of chemical reactions is, generally speaking, the 
rate of the slowest or "rate determining" step. In diffusion controlled reactions 
the formation of products from the activated complex (product species) is 
much faster than the diffusion of reactants and thus the rate is governed 
by collision frequency (Atkins, 1998). Unlike the adsorption kinetic fit obtained 
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for the unmodified templated carbon (γ.AC6.5%) (See Figure 5.13 to Figure 
5.16 in Section 5.5), where pseudo first order was observed to provide the 
best kinetic fit, the pseudo second order model have been found to provide the 
best fit to isothermal CO2 adsorption data at 25, 40 and 60 
oC for the NH2.γ.
AC6.5% adsorbent. At 80 oC, the pseudo first order model fits better for this 
material.  Diffusion.controlled reactions have been observed to take place in 
the modified carbons. In second order reaction kinetics, the rate of CO2 
diffusion into the carbon surface is slower than the chemical reaction on the 
carbon surface. This diffusion limitation may be explained by the presence of 
modifying species (amines) at the active sites in the carbon.  
The pseudo second order model have been reported to be useful in obtaining 
the best adsorption kinetic fit for commercial grade activated carbon during 
the removal of Congo red from aqueous solution (Mall et al., 2005).  The high 
value of the adsorption kinetic constants indicates that the adsorbed CO2 
remains stable on the adsorbent (Ozkaya, 2006). This finding is further 
supported by the R2 values and error function obtained for the Pseudo second 
order model.  It was observed that the R2 for the pseudo second order model 
ranges from 0.9972.0.9987, with corresponding error function in the range of 
1.4.8 (Table 6.12). Since the correlation coefficient is greater than 0.99, it 
indicates the applicability of this kinetic model and the second order nature of 
the adsorption process of CO2 on the modified templated carbons (Hameed et 
al., 2007). The activation energy for this amine modified adsorbent was 
observed to be .9.0894 kJ mole.1, this is less than that obtained for the 
unmodified sample (see Table 5.8).  
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Figure 6.34. CO2 adsorption on NH2.γ.AC6.5% at 25 
oC. The experimental 
data was fitted by the pseudo.first order and pseudo.second order models. 
 
 
Figure 6.35. CO2 adsorption on NH2.γ.AC6.5% at 40 
oC. The experimental 
data was fitted by the pseudo.first order and pseudo.second order models. 
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Figure 6.36. CO2 adsorption on NH2.γ.AC6.5% at 60 
oC. The experimental 
data was fitted by the pseudo.first order and pseudo.second order models. 
 
Figure 6.37. CO2 adsorption on NH2.γ.AC6.5% at 80 
oC. The experimental 
data was fitted by the pseudo.first order and pseudo.second order models. 
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Table 6.12. Kinetic model parameters for the CO2 adsorption on templated 
carbon (NH2.γ.AC6.5%)) at different temperatures. 
T 
 
 25 oC 40 oC 60 oC 80 oC 
qe,exp  0.92 0.67 0.48 0.32 
Pseudo.first order qe 0.74 0.63 0.46 0.50 
k1 1.763 1.323 1.065 0.997 
R2 0.9385 0.9511 0.9631 0.9895 
Err 4.7 5.8 4.8 2.8 
Pseudo.second order qe 0.74 0.63 0.46 0.50 
k2 3.343 2.586 2.438 1.958 
R2 0.9974 0.9987 0.9972 0.9800 
Err 1.0 0.8 2.0 4.8 
(T: oC; qe,exp: mmol g
.1; qe: mmol g
.1; k1: s
.1; k2: mmol g
.1 s.1; ka: s
.1; a: 
mmol g.1 s.1, α: g mmol.1) 
 
6.4.4 High pressure CO2 uptake measurements on 
amine modified templated carbons 
 
The adsorption isotherms of the modified carbons showed no alteration after 
surface properties modification, this is in agreement with Guillot and Steockli 
(2003) when they proposed the use of reference isotherm for high pressure 
CO2 adsorption in carbons at 0 
oC. A type I isotherm was obtained for the 
amine modified templated carbons at ambient temperature and high pressure 
measurements (Figure 6.38). However, the shape of the isotherm obtained at 
high pressure was greatly influenced by surface modification compared to that 
obtained at low pressure CO2 measurements (see Figure 5.20).  
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Figure 6.38. adsorption isotherm of amine modified templated carbons 
measured ambient temperature and 4.1 MPa. 
Apart from the NH2.β.PFA.AC6.5% and NH2.β.AC6.5%, the remaining amine 
modified templated carbons showed a gap between the adsorption and 
desorption curves. This suggests that the NH2.β.AC7.5%, NH2.γ.PFA.AC7.5%, 
NH2.γ.AC7.2% and NH2.γ.AC6.5% may have experienced pore swelling 
during the adsorption stage. Same observation has been reported for the 
oxidized phenolic resin adsorbents in Section 6.3.3. The NH2.β.AC7.5% 
sample showed the highest CO2 uptake at 4.1 MPa, followed by the NH2.γ.
AC6.5% adsorbent. These high uptake measurements recorded for these two 
materials may be linked to the swelling of the pores due to high pressure. The 
CO2 uptake capacities for the unmodified templated carbons reported for these 
carbons at ambient pressure were seen to be higher than those reported for 
them at higher pressures, except for the NH2.β.AC7.5%. At least 65% uptake 
difference was observed between the adsorbents at ambient and high pressure 
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conditions. The great difference in uptake levels between the unmodified 
templated carbons (see Figure 5.20 in Chapter 5) and their modified 
counterparts reported in this section (Figure 6.38) may suggest the presence 
of partially or totally blocked micropores resulting from the modifying 
chemicals.  
Just as reported for the amine modified commercial templated carbons, and 
the oxidized phenolic resin carbons, no CO2 adsorption trend was observed 
with respect to micropore volume (Figure 6.39), surface area (Figure 6.40) 
and total pore volume (Figure 6.41) for the amine modified templated carbons 
at high pressure (as seen in the R2 values for the respective plots). Overall, 
this suggests that CO2 uptake at high pressure may not depend totally on 
micropore volume, surface area, or total pore volume, but on the material 
type.  
 
 
Figure 6.39. Correlation of equilibrium CO2 uptakes at 4.1MPa with micropore 
volume for selected amine modified templated carbons. 
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Figure 6.40. Correlation of equilibrium CO2 uptakes at 4.1MPa with surface 
area for selected amine modified templated carbons.  
 
 
Figure 6.41. Correlation of equilibrium CO2 uptakes at 4.1MPa with total pore 
volume for selected amine modified carbons. 
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6.5 Summary  
In this chapter, the influence of surface modification on CO2 uptake 
performance of three different modified adsorbents has been discussed. The 
influence of the textural properties of the adsorbents was also related to their 
CO2 uptake capacities at ambient and high pressure conditions.  
For the amine modified commercial activated carbon, the total pore volume 
was observed not to positively influence the CO2 uptake capacities at both 
ambient and high pressure conditions. Whereas, the micropores and surface 
area of the adsorbents tend to positively influence the CO2 uptake capacities 
at both ambient and high pressure conditions. For the oxidized phenolic resin 
activated carbons, their textural properties did not positively influence the CO2 
adsorption performance at ambient and high pressure conditions. Hence, no 
adsorption trend was recorded for the adsorbent with respect to the micropore 
volume, surface area and total pore volume. The textural properties did not 
positively influence the CO2 uptake capacities of the amine modified templated 
carbon at both ambient and high pressure conditions.  A change in kinetic 
characteristics was observed for the modified carbon. Diffusion.controlled 
reaction was observed to take place on the modified carbons in comparison to 
surface.controlled reaction observed for the unmodified carbons.  
Generally, increased nitrogen loading and higher thermal stability, was 
observed on the modified materials compared to the unmodified ones. Also, 
increase in CO2 uptake capacities was observed for all the modified adsorbents 
at high pressures than at ambient pressure conditions. While the unmodified 
adsorbents lost approximately 90% of their captured CO2 at about 40 
oC, the 
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modified adsorbents retained substantial amount of the adsorbate at similar 
temperature. Increased CO2 adsorption ratio between 15% and 100% CO2 
stream, adsorption rate, CO2 affinity, and better thermal stability were 
achieved on the amine modified adsorbents. The higher selectivity of these 
modified adsorbents at low pressure has been attributed to their narrower 
porosity and favourable surface chemistry. 
The amine modified carbons showed lower CO2 uptake capacities than their 
unmodified counterparts at ambient and higher pressures. This reduction has 
been attributed to the partial or total micropore blockage. This finding is in 
agreement with Plaza et al., (2011) when they evaluated ammonia modified 
activated biomass based carbon as adsorbents for CO2. They recorded a higher 
CO2 uptake for the activated samples than the aminated samples at pressures 
above 30 kPa. This was attributed to the presence of wider microporosity in 
the activated samples which was absent in the aminated samples. 
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General discussion 
The CO2 uptake of the respective carbons has been shown to depend greatly 
on the porosity. The CO2 uptake capacities of carbons have been found to 
depend on total surface area and micropore volume at ambient conditions. 
However, at high pressure, the total pore volume has been found to relate to 
the total CO2 uptake. Also, the properties of the carbons produced depend 
highly on the carbon synthesis technique. The pore structure of carbons 
obtained from a template is governed by the properties of the inorganic 
matrix; size of the interlayer spacing, water content of the matrix, and the 
carbonisation temperature.  It was observed that the acetylene loading, the 
carbonisation temperature, and furfuryl alcohol positively influenced the 
properties of the synthesized carbons. However, Results have shown that the 
addition of PFA results in greater pore development in carbons synthesized 
from predominantly microporous zeolite templates, whilst being of no benefit 
when used for the predominantly mesoporous carbon.  
Although the CO2 uptake capacities of modified carbons were reduced 
compared to their unmodified counterparts, other properties like thermal 
stability and affinity for CO2 increased after modification. While the reduction 
in CO2 uptake was attributed to blocked micropores in the carbons, increased 
thermal stability and CO2 affinity was attributed to the presence of functional 
groups and increased electrostatic interactions on the carbon surface after 
modification. Adsorption kinetics followed pseudo first order rate expression 
for the unmodified carbons with sorption rate being highest after three 
minutes of CO2 adsorption. The reaction mechanism has been attributed to 
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surface or sorption controlled adsorption since the rate of CO2 uptake is faster. 
For the modified carbons, adsorption kinetics followed pseudo.second.order 
rate expression with initial sorption rate being highest after two minutes. The 
reaction mechanism was observed to be diffusion controlled as the rate of CO2 
uptake was reduced due to reduced pore accessibility. However, process 
optimisation is key to robust adsorbents with high CO2 adsorption capabilities 
for CCS application. 
In summary, at ambient pressures, the carbons can be arranged in the 
following order based on performance; commercial activated carbons < 
templated carbons < amine modified activated carbon < oxidized phenolic 
resin carbons < amine modified templated carbon < phenolic resin carbons. At 
high pressures up to 4.1 MPa and 25 oC, the adsorbents can be arranged in 
the following order based on performance; commercial activated carbon < 
amine modified commercial activated carbon < amine modified templated 
carbon < oxidized phenolic carbon < phenolic resin carbon < templated 
carbon. Results presented in this thesis are promising and applicable to pre.
combustion carbon capture as they show increased or improved CO2 uptake 
compared to previous published data.  
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Chapter Seven 
7Conclusions 
7.1 Overview 
This study has provided insight into the field of CO2 adsorption on carbon 
materials at ambient and high pressure. In addition, this thesis has explored 
the variables controlling sorption capacities of carbons. Chapter 4 and 5 
provide understanding on the sorption of CO2 on commercial activated carbon 
and templated carbons respectively, whereas, chapter 6 provides the influence 
of surface modification on CO2 adsorptions. 
 
7.2 Templated carbon synthesis 
The synthesis of templated carbon from acetylene CVD has been extensively 
investigated. Zeolite template is promising technique for synthesizing high 
surface area carbon materials with a narrow micropore distribution. The 
templated carbon preparation has also been adapted to produce a uniform 
product, facilitated by the use of acetylene as CVD gas and the use of a quartz 
reactor tube. Close control of the preparation parameters has allowed the 
controlled formation of templated carbons with 13.62 % carbon yield, surface 
areas of up to 2400 m2 g.1, and a variety of pore structures ranging from 
micro to macropore. Micropore and mesopore structures obtained were in the 
range of 0.1.1.0 cm3 g.1 and 0.1.0.38 cm3 g.1 respectively. 
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7.3 Caron surface modification 
The modification on carbon surfaces was achieved using well defined methods 
as specified in Section 3.3. Although, structural analysis of the modified 
carbons was not carried out, the porosity characterisation indicated that the 
pore structures were affected after modification. Also, the effect of carbon 
surface modification was observed on the templated carbons when the CO2 
adsorption kinetics changed from a surface.reaction controlled regime before 
modification to diffusion.controlled sorption regime after modification.  The 
CO2 sorption capacities were reduced after modification. However, the thermal 
stability, and CO2 affinity of the carbon surface were improved.  
7.4 Carbon vapour deposition rig 
development 
The chemical vapour deposition rig has been developed for the carbonising 
zeolites at 600 and 700 oC. The apparatus has been rigorously calibrated and 
tested using several carbonisation runs. This evaluation was essential to prove 
this apparatus as a reliable method of CVD carbonisation. In order to achieve 
an accurate and repeatable result, an iterative process was used to determine 
the correct proportional integral derivative (PID) for the furnace control 
system. The apparatus has been shown to be a versatile apparatus, operating 
at ambient pressure and temperature reaching 1000 oC. 
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7.5 Ambient pressure CO2 adsorption 
measurements 
The carbons all displayed similar CO2 sorption properties with uptakes ranging 
from 0.5 to 3.3 mmol g.1 at ambient pressure, showing a strong correlation 
with increasing micropore volume and surface area. This was supported by the 
observation that the majority of the CO2 sorption was instantaneous. 
 
7.6 High pressure CO2 adsorption 
measurements 
The carbons all displayed similar CO2 sorption properties with uptakes ranging 
from 6.9 to 21.3 mmol g.1 at 25 oC and 4.1 MPa of pressure, and 10.3.21.1 
mmol g.1 at 40 oC and 4.1 MPa, showing a strong correlation with increasing 
total pore volume. This was also supported by the observation that the CO2 
sorption was instantaneous. Summary of the maximum CO2 uptake capacities 
of studied carbon is presented in Table 7.1. 
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Table 7.1. Summary of maximum CO2 uptake of studied adsorbents at 
ambient and high pressure conditions. 
Adsorbent  Ambient 
conditions 
CO2 uptake 
High pressure conditions 
CO2 uptake 
 (mmolg.1) (mmolg.1) 
 25 oC 25 oC 40 oC 
Commercial activated carbon 2.4 6.6 . 
Phenolic resin based carbon 3.3 12.2 . 
Zeolite templated carbon 2.4 21.3 21.1 
Oxidized phenolic resin carbon 2.9 10.6 10.3 
Amine modified commercial 
activated carbon 
2.7 6.5 . 
Amine modified templated carbon 2.9 8.7 . 
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Chapter Eight 
8Further work 
There are several areas that are worthy of additional research in this project. 
In addition to future work on carbon capture systems, several possible 
applications of templated carbons should be highlighted as avenues for future 
research. 
8.1 CO2 capture systems 
• Further study on the kinetics of CO2 adsorption on solid adsorbents. 
• In addition to the fixed adsorption test conducted in this study, CO2 
adsorption in a fluidised bed should be undertaken if scale up is to be 
considered. 
8.2 Templated carbon applications 
• Production of templated carbon for application in methane separation. 
• Activation and enhancement of templated carbon for application in 
hydrogen storage. 
• Study on oxidation of templated carbons for application on CO2 in 
gasification. 
• Study on application of templated carbon for post combustion carbon 
capture. 
• Study on application of templated carbons on hydrogen storage and 
separation of CO2 and methane.  
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8.3 Recommendations 
• Further study on the material’s surface property should be undertaken 
to determine the total amount of basic sites on the surface of modified 
materials using Fourier.transform infrared (FTIR) spectroscopy, and X.
ray Spectroscopy (XPS) to show the changes occurring in nitrogen 
species present.  
• Obtaining CO2 isotherm of carbons would be encouraged as this may 
provide further explanation of the pore structures.  
• Adsorption kinetic models for high pressure CO2 uptake should be 
undertaken as this gives better understanding of process design. 
• Multi.cycle test on synthesized and modified materials should be 
encouraged to prove robustness, recyclability and reversibility of 
adsorbents.  
• Study on the different ways to modify carbons for high pressure 
application should be undertaken. 
• Study on structural effects of carbons and templates on CO2 uptake 
should be undertaken. 
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10Appendices  
10.1  Appendix 1: Adsorption/desorption 
isotherms for templated carbons 
 
 
Figure 10.1. CO2 uptake of γ.PFA.AC7.5% at 25 and 40 
oC at high pressure. 
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Figure 10.2. CO2 uptake of β.AC6.5% at 25 and 40 
oC at high pressure. 
 
 
Figure 10.3. CO2 uptake of β.PFA.AC6.5% at 25 and 40 
oC at high pressure. 
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Figure 10.4. CO2 uptake of β.PFA.AC6+AC7.5% at 25 and 40 
oC at high 
pressure. 
 
Figure 10.5. CO2 uptake of β.PFA.AC7.5% at 25 and 40 
oC at high pressure. 
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Figure 10.6. CO2 uptake of β.AC7.5% at 25 and 40 
oC at high pressure. 
 
Figure 10.7. CO2 uptake of β.AC6.2% at 25 and 40 
oC at high pressure. 
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Figure 10.8. CO2 uptake of β.PFA.AC7.2% at 25 and 40 
oC at high pressure. 
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10.2  Appendix 2: Adsorption/desorption 
isotherms for oxidized carbons 
 
Figure 10.9. CO2 adsorption isotherms for MAP.1 carbons at 25 and 40 
oC and 
pressures up to 4.1 MPa. 
 
Figure 10.10. Adsorption isotherms for MAP.3 carbons at 25 and 40 oC and 
pressures up to 4.1 MPa. 
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Figure 10.11. Adsorption isotherms for MAP.24 carbons at 25 and 40 oC and 
pressures up to 4.1 MPa. 
 
Figure 10.12. Adsorption isotherms for MNA1.24 carbons at 25 and 40 oC and 
pressures up to 4.1 MPa. 
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Figure 10.13. Adsorption isotherms for MNA16.1 carbons at 25 and 40 oC and 
pressures up to 4.1 MPa. 
 
Figure 10.14. Adsorption isotherms for MNA16.3 carbons at 25 and 40 oC and 
pressures up to 4.1 MPa. 
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Figure 10.15. Adsorption isotherms for MAM carbons at 25 and 40 oC and 
pressures up to 4.1 MPa. 
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